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CHAPTER 1 


INTRODUCTION 


This chapter is provided to clarify the purpose of the book, to introduce the reader to vision as 
a sensing device in military aviation, and to describe the way in which the text is organized. 

PURPOSE OF THIS REPORT 

The purpose of this report is to describe the capabilities and limitations of vision as a means of 
sensing and interpreting during many phases of military aviation. 

This test is intended to be useful to aircraft designers, air tacticians, air crewmen, and to those 
:<erforming visual examinations in the Air Force . A fairly comprehensive bibliography is presented for 
those engaged In basic and applied visual research in Air Force problems . 

Vision is the sensing by a sense organ, the eye, of spatially discrete variations in brightness 
and/or hue, and the interpretation of these variations by the brain. 

VISION FOR SENSING AND INTERPRETING 

Vision then occurs essentially in two stages, the first at the eye, the second at the brain . At 
the eye, vision consists of the reception and photochemical change of electromagnetic waves within 
a narrow band of wave lengths with the result that impulses in the nervous system are initiated. At 
the brain, vision consists of interpretation of the nerve impulses reaching it through the visual sys- 
tem. 


The eye is sensitive to changes in intensity of the electromagnetic waves it receives but, in 
order for the individual to respond to- the electromagnetic waves, they must be above a certain mini - 
mum intensity, the absolute threshold for intensity . In order to respond to differences among inten- 
sities, the differences must also exceed a certain minimal value, die difference threshold for inten- 
sity. The eye is also sensitive to differences in wave length, hi order for the individual to respond 
to electromagnetic waves, they must be within the narrow band to which the eye is sensitive and they 
must be above the absolute threshold for intensity. In order to respond to differences in wave length 
the differences must exceed the difference threshold for wave length. 

Since the eye is sensitive to differences in intensity and wave length and since different objects 
and parts of objects emit or reflect waves of different intensity and wave length, the eye makes pos- 
sible the fi'st step in differentiating the shapes, sizes, locations, and movements of objects. 

The second stage of vision occurs In the brain, which interprets the nerve impulses that reach 
it as a result of photochemical and neural events at the eye. The brain's function is part of the visual 
process, and without it there would be no vision. The simplest interpretation the visual part of the 
brain can make is that electromagnetic waves received by the eye are withir. the proper wave length 
band and have exceeded the absolute or difference threshold. In this case tha object emitting the 
waves would be said to be visible . Such simple discriminations are said to be made at the sensory 
level and are called sensations ■ 

The brain car. make much more complicated interpretations beyond the sencory level. For 
example, it can combine sensations elicited by an object with learning or memory to make possible 
form recognition, color identification, and other complex events said to occur at the perceptual level 
and called percep t ions . When an object Is recognized or identified it is said to be per ceptible I 

Manuscript copy of this report was submitted to the Aero Medical Laboratory in May 1958 for 
publication as a WADC Technical Report. 
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Following perception a decieioe may be made a a to what to do about the object that hat hew 
perceived, A reaponae mar ba initiated U one teems to be required -- a eeriae of nerve Impulses to 
the muscles of the arms to move the control stick, for example. While decision and motor reaponae 
are not part of the visual process, they are essential consideration* in ewtiusting the visual system's 
effectiveness ss a sensing and interpreting instrument, because only through them can the vleual 
system's unusual sensitivity and acuity be fully utilised. 

The object of tho visual sciences is to determine, quant itively where possible, the response 
character sties of the human visual system to stimuli of given characteristics, or to find out what 
charactt: jutics of a stimulus produce a given response. The response may be measured in many 
wars. It may be measured in terms of chemical or electrical activity of tnd eye produced by radiant 
energy, In terms of the sensations produced, in terms of perception* produced or lit terms of s mus- 
cular response of the observer to s visual stimulus. 

It will be seen thst no mstter how it is measured, visual response is not a simple or linear 
function of the characteristics of the stimulus. Bven at the simplest sensory level (the intensity 
threshold, for example), It is nonlinear 1; related to many parameters of the stimulus and of the ob- 
server: stimulus size, shape, location, wave length, distance, duration of exposure and observer's 
physical condition, pas; exposure to Ughv, attention and other*. Tho consequence of such complex, 
nonlinear relations is tbit one cannot make pimple statements such as that an airplane in the sky will 
be seen twice as clearly if it is made to omit twics as much radiant energy in the visible spectrum 
as it will if Its distance from an observer is halved. Visual research which can be applied to prob- 
lems in military avuuon cannot he cnnA»«ted only by purely physical measurement cd. fe; osaswU 
— »» Ivugui ttiri intensity or ay anatomical or physiological studies alone (Utough results of auch 
research provide a basic part of all visual research). Instead, human observers are need to deter- 
miss tbs visual tiysUnm'm jjgjiLiriii bu mm physical msnipeiation or tne cfcsractenstics of the stimulus. 
Most of the studies cited in tun nuh»w>»Mnt, were carried oat by this ss?tiisd. Called lbs psycho- 
physics! method. 

a should vino be remembered that vision is a Subjective affair since It often involves complex 
functions such as attention and perception. It cannot be measured directly, like the characteristics 
01' a vacuum tube. Therefore, vlVSai performance must be measured in tarma of characteristics of 
the object seen. For example, visual acuity, the ability to see detail, is sometimes measured in 
terms of the angle subtended tar > the smallest object thst the viewer reports he can see. One cun plot 
a curve of visual acuity hi minutes of arc (or Um reciprocal) versus swe? physics) variables, such 
us wave length, energy, or H oie of exposure at s given illumination. 

In military aviation the visual aHmulgs can be anything inside or outside the aarcialt -- an 
enemy aircraft, an instrument on the panel, a runway or a runway marker, a bombing target, a 
navigation'll checkpoint, a warning light, a pip on a radar scops, a running light, or some simple or 
complex pattern of such Items, It can tie something that interferes with visual performance as well 
as something that aids it. 

In considering visual requirements in military aviation, however, it is necessary to estimate 
the comparative Importance of the various requirements. Therefore It is necessary to describe the 
criteria used in estimating their importance. 

As far ae can bo forecoat, manned aircraft will continue to be designed so that some visual 
sensing of the environment Inside and outside the aircraft will be necessary. 

In assigning a quantitative value to the relative importance of a visual requirement, one may 
mean either of two things: (}) If the requirement con be met by ooma means other than vision (an 
auditory signal, for example, or a servo system not requiring a human operator), then the importance 
of meeting tbs visual requirement must be weighted against the dttii.~:Uoa that would be encountered 
in substituting s uonvtousi method, (2) When there ts no practical substitute for vision, the Impor- 
tance then relate# to the attention that ohouJd iw given to improving visual performance in an essen- 
tial function. 

In military aviation, the attention (or effort in improvement) merited by a visual performance 
will be proportional to the Improvement In combat effectiveness obtained by this effort and inversely 
proportional to u»e auiuuni uf effort necessary to oouun the Improvement. By these criteria of im- 
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portaaM, t ten an mm »mi in military aviation wherein vlatoa merits grant stiention and otter 
inu wherein It Merits little attention. An example of a most Important area la locating a target. 

The word "locating" ae used here include* detection and identification. If the target te located, and 
the weapon la transported su c c es s f ully to the target, the weapon usually destroy* the target that it 
waa Assigned to destroy. However, .locati ng the target U one pteae of the ownbat mission that de- 
pends directly on the visual performances of detection and lnterpreUtton, and In thin there is great 
variability of success, 

L o ca ti ng the target and transporting the weapon to the target are each eaMatial phases of the 
combat mission. Therefore, the probability of locating the target times the probability of transporting 
the weapon to the target Is equal to the probability of destruction of tte target. This la shown In an 
agnation: Pit x Ptw - Pdt. For e x a mp le, if there is a SO percent probability of locating tte target 
and a BO percent probability of transporting tte weapon to tte target if It ie located, tte probability 
of destruction of the target la ti pa roast (i.e., 10% x 00% - 98%). Now if an Im p rov e ment to 70 per- 
cent ie achieved in transporting tte weapon, tte probability of target destruction, or combat effective- 
ness, is increased to 98 percent (i.e., 80% x 70% • 98%). If instead, an Improve meat of 70 percent to 
achieved in locating tte target, the probability of target destruction to again inc rease d to 38 percent. 

Ae seen from tots equation, locating tte target and transporting tte weapon to tte target are of 
equal value to influencing combat effectiveness. The aircraft te a vehicle tor transporting tte weapon, 
ft transports tte wwtpon to tte target mere a ageflU &Bexty than any otter vehicle, ttdi Is the reason 
for Its ascendency to warfare. BUltan* nf MUjurs hat— bees spent ia immune* tfe«* 
r^Ufy. T. tte torc^'ins equation that an equal percentage of improvement to locating 

tte target would be equally rewarding in Increased combat effectiveness. Locating tte target to 
anhiaved with a rstimr iss ortisr s£ tor air targets and for small ground targets . Tte de- 

velopment of electronic* to improving tte detect tos gteeg for present day aU targets, Elect rtaiiceiij 
locating and identifying small ground targets to sort difficult. 


Contraet tte importance of locating the target with tte importance of some visual pc, formance 
whoee faihtre will not cause e combat mteaion to fell (nor cause an alrcrrft accident) . This kind of 
visual performance has a comparatively insignificant effect on combat offecUvenaae. 


For example, on a training mission tte ml* interpretation of an Instrument or a mistake la 
reading a chart, while tt may result in a navigational error, tea little Influence on combat effective- 
ness. Failure of a visual performance on a training mission influences combat effective nea» cnly If 
the failure of tte visual performance results in failure of a training mission In whole »r in pert. 


For military aviation, tte visual requirement* for combat condition! should be considered 
ahead of tte requirement! for training ooadltioo*. For example, cockpit illumination may be per- 
mitted to be Ugh under training c auditions, because here tte crewman ordinarily does not need to 
be adapted to a level lover than necessary to see distant lights . However, under combet conditions, 
tte crewman may need very low cockpit Illumination so that te will be dark-adapted for tte detec- 
tion of Hacked- out air and ground object* . Again, training and combat conditions differ In the 
visual requirements for cathode-ray tube displays versus direct vision in the observation of air 
objects. As a result of jamming techniques, siacU-otucaiiy rv-' ,f .«ed target observation often tones 
in combat the capabilities that it has in tr»',*Ss* ±ji r,sto;u» V'.V-.i, this capability te lost, visual 

requirement* for direct target observation may supplant tfir.se lor cathode-ray tube observation. 


ARRANGE ICS NT AND OBJECTIVES OK THIS PUBLICATION 


It Is basic to the purpose of tbia publication that engineers, tacticians, and others concerned 
with the design and use of aircraft and aircraft equipment should be able to apply visual data to new 
designs and new problems as they arise. To do so, they must have a knowledge of the principles of 
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vision — the measurement of light, the physiology and opt'cB of the eye, how psychophysical tests are 
made, and the various kinds of visual performance and how they are measured. These subjects, to- 
gether with- basic curves and data on the eye’s performance, are presented in Chapters 2 through 8. 

In Chapter 8, in addition to a discussion o * visual capacities and their measurement, some examples 
are given of how an engineer can manipulate physical variables to insure improved visual performance 
by pilot and aircrew. This chapter serv ., then, as a bridge for the reader to the succeeding chap- 
ters, which deal with visual problems In specific aspects of flight. In preparing Chapters & through 
15, the problem arose as to what categories military flight shovild be divided into for the most logical 
and least repetitive analysis of visual problems. In any flight, there are take-off, climbout, naviga- 
tion, the mission — transport, interception, bombardment, reconnaissance, oi search -- and finally, 
letdown and landing. However, when the role of vision is examined !•> each flight *» ir. Table 

1.1, it is found that in many respects it does not vary to any great ex nt from one phase to another. 


Table 1.1 Visual Indications and Types of Visual Performance in Various Flight Missions 


Information Required in 
Various Phases of Plight* 

Type of Visual Indication 

Visual Functions Required 

1. Take-off and landing 

Spatial orientation 

Observation through 

Space perception 

Runway direction 

windshield and/or of 


Attitude with respect to 

instrument panel 

Brightness discrim. 

runway 


and 

Engine condition 

Instrument panel, controls 

Visual acuity 

2. Navigation and transport 

Bearing, distance «.td 

Observation through 

Space perception 

course relative to base 

windshield and/or by 


and destination 

radar and maps 

Brightness discrim, 
and 

Altitude 

Speed 

Instrument panel 

Visual acuity 

Weather 

(Radio) 

(Auditory discrim) 

3. Interception and bombardment 



Identity and position 

Observation through 

Space perception 

(angle, azimuth, and 

windshield and/or by 

range) of other air- 

radar 


craft or ground target 


Brightness discrim, 
and 

Firing point 

Computer 

Visual acuity 


Breakaway point Ih»dar and maps 


Position relative to base 


4. Reconnaissance and search 


Identity and position 
(beariitg and distance 
relative to base) of 
target 


Observation through 
windshield and/or by 
rj.dar and maps 


Space perception 

Brightness discrim, 
and 

Visual acuity 


*Th*- ;ir,-sentavlon of data is after pp. 49-50 of a report prepared by D Jilap Si Associates, Inc. for 

Doui;L>:s Aircra.** Company, El Segundo, California. December 10, 1954. Tire program \va 3 conducted 
■mdf. r the joint Juspi.-<'» of the Rureau of Aeronautics and the Office of Naval Research. 1-1 
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The chief difference* are between (1) the uae of direct vision (including vision with optical aide, such 
a* binoculars) outside the aircraft to determine the aircraft'* attitude and pcwiuon relative to ih r 
ground and other objects, and (I) the use of vision to read Instruments, for an indirect determination 
of attitude and position. Therefore, Chapters 9 through 18 analyse the problem* of vision outside the 
aircraft first and then the problems associated with vision within the aircraft, W* do not of course 
mean to imply that visual flight and Instrument flight are altogether separate. On the clearest day, 
the pilot at high altitude has his head Inside the cockpit s great deal of the time. In any aircraft, 
precise control of heading, airspeed, sad altitude require instruments, no matter how much of the 
external world is visible. Furthermore, shifting vision from outside the aircraft to the instrument 
f anal and back brings up apeolal problems of adaptation and orientation. Nevertheless, the problems 
of outside vision and wading Instrument* lend themselves well to separate analysis. Within these 
broad categories, the problem* found In specific phases of flight and in special types of operation are 
analysed. 

It can be seen that both the characteristics of Uic visual stimuli and the actual or desired re- 
sponses of pilot and crew are often variable, complicated, and difficult to analyse. For this reason, 
and because the visual sciences are still in as early sta£« of development, little research has been 
done on some aspects of vision in military aviation, and indeed many of the problems have been 
poorlv defined; there Is little Information on the visual requirements In many flight operation* or 
the degree of accuracy with whir h pilot and crew must uae their vision to perform crucial tasks. In 
such cases, the authors have drawn t* whatever Information la available, Including interviews with 
pilots and others who have had experience in the problems. They have taken pains to point out are*.', 
where further research will be useful, and it M their tape that this bong will prove useful a* a guide 
t5 — r it ■ i nhSatd hr drme «• wfii -«« ««,.«•' 15 iSdJC J.I friudieu, tral a.'UUyiK.‘fl 

of military requirements. Even when not immediately applicable, the discussions as they exist in Hie 
nook may help in iwb wavs: (U by ladles ana eamruig thei sherid fcs studied or rsriWu In s partic- 
ular problem, and (3} by suggesting economical tests which might provide operationally valid Infor- 
mating- TMe.jaisiyriyn^o the aaefa inessoi the book by indicating how ii can he used as an 

adjunct in a systematic plan or action for design problems. 
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CHAPTER 3 


THE NATURE AND MEASUREMENT OF LIGFT 


Light la radiant energy that arou ses visual sensatuxu It ia limited to a narrow band of the 
radiant energy spectrum around 10-6 me ten in wave length. The sensation of brightness is not a 
iinear function of the amount of radiant energy received by the eye. Therefore, light Is commonly 
measured by photometry, In which the eye Itself ia used as the scosiag device, sad the observer com- 
pares its brightness with that of a known Utandard. Photometric units are arbitrarily baaed on the 
international candle, which formerly was an actual candle and now is an incandescent filament of 
carefully maintained specification. Chief concepts and units are as follow*: luminous flux, analogous 
to rate of transfer of energy (or quantity of Illumination) measured ia lumens (a point source of one 
International candle emits 4s lumens in all directions); Intensity, the flux per soUd angle from a point 
source, measured la c an die s; illuminance, tha (hut striking a surface, measured in lumens per unit of 
area; luminous omittance, the flux emitted ia all directions from each unit of area of an extended 
source (including reflecting sad transmitting sources), measured in lumens per unit of area; and lu- 
minance (brightness), the luminous omittance or reflectance in one direction from an extended source, 
measured In lumens per unit of area per ste radian or in lamberts or miUUamberts. 

The sensation of color is most closely related to wave length of light, but it is also related to 
other physical properties of light, and it varise with the individual and the conditions of viewing. Hsu- 

Mti/ a ctMui i* said io have three psychokjgieai componema: ntte (red, oiuc, orance, etc.), Drigntness, 

and saturation (the amount a color differs from a gray of the same brightness). Every hue in the 

ipiCtCUS «M| » fiwuiw uy iiiiV i n i MW vr win primary i iii ee in m hiuuo CautbuiStiun. In iriatinl- 
ulua color specification, a color is identified in terms of the proportionate reflectance or transmit- 
tance of each of the primary wave lengths that compose 11. value* for comparison under 

three standard lUuminants have been set iq> by the Commission Internationale dr PEcUti age . Color 
may also be specified o» mesas ui a color solid: Colors have been arranged in three Dimensions tor 
hue, value (brightness), and chroma (saturation); a sample of color may then be specified In terms of 
arbitrary numerical vs.1’ s In each dimension, 

DEFINmON OF LIGHT 

Light la defined as the aspects of radiant energy of which a human observer is aware through 
the visual sensations which arise from the stimulation of the retina of the eye. More simply put, 

If? tf UiraU y d» aTwaitw f ra rftanj dftftrrg. T_.fk~ .rn raffias r- fnnwi nf rajt a n i gngi w > jm^jb a; rarli n onH 

gamma rays, light travels through space at a constant velocity of I.M8 x if>T6 cm/sec. 

For some purposes, radiant energy may be considered as hsvisg s sinusoidal wave form. It 
stimulates vision only over a bund of wave lengths 10-6 meters broad (Fig. Z.l). Within this band, 
the amplitude correlates roughly with the visual sensation of brightness and the wave length with the 
visual sensation of hue; the longest waves within the visible spectrum produce a sensation of red, and 
the shortest a sensation of violet Notice that there la no place for white or black on the visible spec- 
trum. According to physical definition, white is produced when all (visible) wave length* are presented in 
equal amounts. Actually, the actuation of white may be produced when certain critical one 1 ) are pre- 
sented together. The usual explanation for the sensation of white Is that the eye cannot analyxe the 
radiant energy that stimulates it Thus, if the light covers a narrow band of wave lengths (mono- 
chromatic light), a particular hue Is sees, but if it covr/rs a wide range of wave length*, with nearly 
equal energies at each length, the sensation of white is produced. Black, on the other hand, is usu- 
ally treated aa an absence of stimulation. 

The wavs length of light in expressed in microns (p), equal to 10-6 meters. In millimicrons 
(m p), equal to 10-» meters, or in angstrom: (A), equal to 10-10 rasters. The rod in Figure 2.1 
could be designated either 0.7 p, 700 mp, or 7000 A- 


PROPAGATION AND MEASUREMENT OF LIGHT 


The eye is not a photographic plate; the intensity of a visual sensation depends not on the total 

ayiaii ul ' transferred to the eye OVer 8 period Of time, byt OD tor fete Oi irelimcr Leyunu H 
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Critical mirOAumAicMtoc. Tb-reJnrv. magnitudes 

of light in photometry are given in term* oT lumi- 
^ Uw rata of flow of light. 

While a number of different scales of photo- 
metric unite are uwd, tl*,y a,* *u osprosc^r.j of the 
geometrical relatione that exlet in the propagation 
of lumlnoue flux. The difference* generally lie 
only in the amount of flu* embraced by the unity, 
much a* the cenumeier dinars from the inch. Un- 
fortunately, no single photometric scale of unite 
has been accepted ae a standard ecale. Similarly, 
different Investigators have used different namos 
to dflicribe the m&m aspect of light propagation 
To avoid confusion, only one ecale of unite gad cnSy 
Me system of nomenclature those that seem to 
(fce author* most logical and useful will bo de- 
ecribed In the paragraphs that follow. Other units 
and name* will be listed and defined in tabular 
form. 

Photometric units are derived from an ar- 
bitrary standard, the International candle. It was 
originally an actual sperm candle weighty 1/e 
pound and burning at the rate of 120 grain* of wax an 
hour. Now the primary Stanford la platinum at its 
melting point viewed through a small opening in an 
oven, which serves as a black body. The eecowfery 
standards are electric Incandescent f« laments 
maintained at the V. 8. National Bureau of Standards. 

In photometry, two kinds of light ■rare** *r* 
important: a point source and an extended aou i-ce 
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tolationships of «« if), Intensity 
(I), and Illuminance (g) About a Point Source 
Ftfult’alsnt to 1 International Candle, remitting 
Equally in all Directions 
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A point source is by definition infinitesimal, but a source of finite size may be considered a point 
source if it is small or distant enough sc that the geometry of light emitted front it approaches that of light 
emitted froma point source. An extended source is by definition a source of finite size. In practice, it may 
be considered any source large enough so that the luminous flux emitted per unit of area is important Ho^e 
that when t*» word source hi used, it need not be the ultimate source of light. The reflection of a distant light 
In the -windshield mjy l&clf he considered * point source; a cloud transmitting and diffusing the light 
of the sun or a runway reflecting it may he considered an extended source. In fact, anything that can 
be seen is a source of light, because vision is (except in rare instances) stimulated only by light en- 
tering the eye. 

Propagation of Light from a Point Source 

The sum of all the light being emitted from a point source may be expressed geometrically as 
a solid. If light is emitted equally in all directions, the solid becomes a sphere. The geometrical re- 
lationships of light are shown in Figure 2.2. The basic unit of flux is the lumen . Bjr definition, 1 lumen 
is equal to 1/4 rr times tbs total flux emitted by a point source equal to one International candle. (Since 
the visual investigator is usually concerned with the flux in a given direction rather than total flux, 
and since there is a total of 4* ste radians of solid angle, w, about a point, one lumen is defined as 
1/4 v total flux rather than total flux to facilitate mathematical manipulations.) 

The flux emitted by a point source per unit, of solid angle at a given radius is called intensity 
(1). Intensity is measured in lumens per steradiin, and it can be seen that a point source equal to 
one international candle has an average Intensity of 1 lumen per ste radian. 

The light striking s surface at some distance from a source is called illuminance (E) and is 
measured in lumens per square centimeter (or other unit of area). When the source of light is a 
point source, the Illuminance on the surface is related to the intensity of the source by the law of 
inverse squares; that is, the area of a surface subtending a given solid angle increases with the 
square of its distance from the source. (See Fig. 2.3.) The concentration of flux falling on the sur- 
face must therefore decrease In proportion to the square of the distance. (If the surface is the reims 
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at the try*, the Intensity at visual stimulation will also decrease with the square at the distance.) 11 
the surface ia the surface at a sphere whose center ia a point source end whose radius Is r, then each 
•te radian of angle is subtended by so area r* ( and the illuminance, E, on the surface I* found" by 
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2 _ 

r 2 


assuming that there la no absorption, reflection, or refraction at light between the source and the 
surface (Fig. 2.2). The seme relation bolds approximately true for s flat surface normal to the di- 
rection of light from a point source, provided that the surface subtend* s small solid angle, so that its 
area approaches that at the spherical segment It subtends. If such a surface is tilted In respect to the 
direction of light, It can eeally be shown that 


E 


-~ri coo a 
r 2 


where a is the angle of tilt from the vertical (Fig. 2.2). 

Refraction of Light 

Ltrht trivcL: ii velocities in ante rent media. When it passes from cue medium to 

another at an angle, the light is refracted by an amount depending on the relative velocities and the 
angle of Inrjjrnzr \9tg. 2.4}: 

sal i ^ _ Velocity In Medium A 

“In p Velocity in medium fa 





Figure 2.4 Refraction at Light 


where 

t « angle of incidence 

p =» angle at refraction 

n - retractive index at Media's A rel- 
ative to Medium B when Medium A 

is air. 

(It is assumed that the rays at light are not 
elgaificarUy out cf parallel with each other.) 

It can be seen that if light Is traveller at a 
higher velocity In the first medium than the 
second, n > 1, and p < t . Si nce light travels 
faster In air than it does in glass, plastics, and 
most other mediums, it can therefore be ex- 
pected to bend toward the perpendicular wheu 
it paaaee from air to another medium. On 
passing from such s medium back to air, the 
light will be refracted equally in the opposite 
direction, so that It wT’ resume traveling on 
its former course. However, the image, as 
seen by an observer on Um opposite aide of the 
medium from the light source, will be offset by 
an amount that is a function of the thickness at 
the medium as well as of sin i /sin p (see Fig. 
2.9). So, undesirable refractions may become 
an increasingly serious prohlczr as windshields 
aiw made ft t*<cker ccMtrscti&u to withstand 
the higher aerodynamic loadings of high-per- 
formance aircraft, especially when the position 
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Figure 2.5 Earn linage ia Offset When Light 
Passes From Air Through Another Medium 
and Bade to Air 


of nearby objects must be judged precisely as 
in taxiing. 

Note that if the observer's eye is at the 
center otf a spherical transparency, then the 
light reaching his eye from any point source 
outside the transparency will he normal to the 
transparency. That is, t = 0, sin i = 0, and 
sin t /sin p = 0; thus, there is no refraction re- 
gardless of the refractive index or the thickness 
of the transparency. 

Reflection and Transmission 

When luminous flux strikes an object, the 
object will reflect it, absorb it, transmit it, or 
more probably do some of each. When flux 
strikes a perfectly reflecting surface, such as 
a flawless mirror, at an angle, all the flux is 
reflected back at an equal angle; angle of incidence 
equals angle of reflection. Other reflecting 
surfaces scatter more or less of the flux; a 
coarse magnesium oxide or chalk-coated sur- 
face, for example, will scatter nearly all of it. 

A surface that scatters much of the flux is 
diffusing . One that scatters little is specular . 
With an imperfectly diffusing surface, angle of 
incidence equals angle of reflection for maximum 
flux. 

The reflectance , or coefficient of reflec- 
tion, of a surface is the ratio of flux reflected 
from a surface to flux striking the surface. 

The transmittance , or coefficient of transmis- 
sion, of a medium is the ratio of flux leaving to 
flux entering. (This definition is often limited 
to homogeneous, isotropic, non-diffusing me- 
diums.) 


Propagation of Light from an Extended Source 

When a surface transmits or reflects light, that surface may be considered an extended source 
of light (except in the special case of a perfectly reflecting or transmitting surface receiving light 
from a point source). Luminous emittance , L, is the name for flux emitted per unit of area of an ex- 
tended source, and, like I) luminance, if Ti~ measured in lumens per square centimeter. If the lumi- 
nous emittance consists entirely of reflected Light, then 


reflectance = — • 

JB* 

If the luminous emittance consists entirely of transmitted light, then 

transmittanc* = ^ • 

However, the britittitens of an extended source, as viewed from any giver, point, depends on the 
•i.iglc fiom which it is viewed and on the luminpus flux emitted from each point on the surface per 

unit of r-oll d angle . ' ~ 
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Consider fire j plane surface that emits light equally in all directions. If this surface were 
viewed from an angic, it would appear brighter than if viewed from straight ahead. The reason for 
this la indicated in Fl • ■ -e All the flux emitted from the surface in any given direction must 
pass through un area equ«u to the projected area of the emitting aurfsce. The greater the angle, the 
smaller the projected area; and since the same total flux is emitted in every direction, the flux will 
he more concentrated — and the eurface will appear brighter »* In Inverse proportion to the site of 
the projected area. The siao of the projected area and hence the brightness, is proportional to the 
cosine of the viewing angle * • the .angle between a tine perpendicular to the emitting surface and the 
observer's line of sight. 



Figur* 2.6 Area of an Emitting Surface (E) a? Viewed Along Perpendicular (B) and Along (A) at 

Angle a From Perpendicular 


In Figure 2.6, projected srsa E, being 
(straight out from the emitting surface, la espial 
to it in area. Area A is smaller; Area A «= 

Area B x cos nr. Flux per unit area at A « flux 
per unit area st B/eoa nr, assuming flux la 
emitted equally in all directions. 

However, a diffusing surface usually emits 
or reflects the maximum amount of luminous flux 
straight outward, and the amount decreases as 
the angle from the perpendicular increases. H 
this decrease is exactly proportfoal to the co- 
sine of the angle with the perpendicular, as Il- 
lustrated by the vector diagram, Figure 2.7, it 
will just cancel u-it the increase in brightness 
due to the light’s r ng concentrated i a smaller 
projected ares, fuch a surface will appear e- 
qual'v Vi n hi iroi y angle. It is said lo follow 
the cosine u », a ; <1 be perfectly diffusing . 

Lun . >nr.\ is the luminous fiux emitled 
per unit eolie angle per unit of area from an 
extendr .* sou . < The visual sensation of bright- 
ness is thus k function of the luminance oi the 



Figure 2.7 Reflection or Emission Acrording 
to Cosine Law 

Energy is transmitted lit each direction 
at rate proportional to cosine of the 
aneli- with the perpendicular, veciurs 
form a sphere. 
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source. Luminance la measured In lumens par at* radian par mpur-e centimeter (or outer unit oi 
am), or more commonly In terms oi a special unit called tbs lambar t (L) . For a perfectly dif- 
fusing surface, l lambart • l fw lumens par ate radian par square centimeter. Where the surface 
Is not perfectly diffusing, Its lamina nee as viewed from a given direction may still be expressed in 
terms of Lamberts, by comparing it with a perfectly diffusing surface of known luminance . Since 
the lambart is an inconveniently large unit for most purposes, luminance la more often measured 
In miilllamberts, mL (lamberta x 10’ s ), in mtcrotai»berU,/<L (iamberta x 10~ 6 ), in micromllll- 
lamberts,/tmL (lamberta x 10“®), or in mlcromlcrolambsrta.^juL (lambart# x 10'**). 

An Important property of a perfectly diffusing extended source la that within a limiting distance 
that depends on the alia of the aource, the luminance doei not vary with the distance of tho eye. It 
will be remembered that the flux reaching the eye from a point aource decreases with the square of 
the distance of the eye from the source, the same decrease takes place In the flux emitted by any 
point on an extended aource. This decrease la offset by the Increase in the area from which the 
a /* receives flux as it gets farther away. The situation la Illustrated in Figure 2.8, where you will 
note the presence of an artificial pupil which serves to limit the visual field. What this means Is 
that the apparent brightness of an extended aource does not vary with distance to the eye for these 
conditions . 



Figure 2.8 How the Luminance of an Extended Bourne is Independent of Distance up to a 
•Certain Limit Imposed by the Sine of the Source 

Surfaces other than planes may be perfectly diffusing. The moon's surfer* is perfectly dif- 
fusing, or almost; It appears as bright at the edge, where the line of sight la tangential to its surlacc, 
as at the center, where It Is viewed "hand on." 

When a reflecting surface la not perfectly diffusing, tbs maximum amount of light comes from 
It st an angle equal to the angle of Incidence, Tnere are now three vartatdeo — the angle of incidence, 
the amount of diffusion, and the viewing angle -- and a special analysts is necessary in each case. 

One further unit is used In some visual research to express stimulus Intensities In terms of 
Illuminance produced on the retina of the eye by a source . Th. eye responds to the flux that actually 
reaches the retina. Title flux i* controlled by (among other things) the amount the pupil la open 
(Chapter 3) . A unit called the troiand takas Into account both the luminance of the source and the 
pupillary opening; ooe troiand la the visual stimulation produced by a luminance of ono 1 imsn per 
ste radian per wyw.ee meter when the entrance pupil has an area of one square millimeter . Artificial 
pupils can be constructed lor laboratory experiments, and the results expressed In trolands. 


jn 

-5 

v* 


-Ad 


.4 





14 



) 

1 

l 





I li- 


Outer Photometric Units 


r i ihle 1.1 lieu other photometric unite often found in the results of via uni reaenrc^ end com- 
pare* (hem with the tmita Mined in the foregoing paragraphs, Figure 2,S shows the relatione of 
aotne of these unite to each other and to a point source. Table 1. 2 in a more detailed conversion 
table for unite of luminance; it gives a quick mu ana of comparing data presented in different unite 
with each other or with the requirements of a problem in aircraft design or operation. 

Table 2.1. Table of Equivalences for Commonly Used Photometric Unite 


Intensity (I) 
Illuminance (E) 


1 lumen /ate radian = 1 candle = 1 candle powei 
lumens/ cm - 

1 lumen/ m^ » l meter candle =» 1 lux 
1 lumen/ft* ■ 1 fl-candle (ft-c) 


Uiminoua Emlttance (L) lunena/cmS 

lumene/m* 

lumena/ft* 


Luminance (B) 


luroens/ster»dinn/m2 for cm*) 

lamberts (L) - miUUamberts fmU x 10 s n mlcrolamberts (pL) x 10* 
tor a perfectly diffusing surface, i lambcrt •> 1/s candlse/e m>2 foot- 
lambs rt (ft- Id « 1.076 ml. 


• t meter 


I FT 


m 


fun-i Linetn 1 


X.LUMWANCE • I LUMEN /CM' 


INTENSITY • I CANDLE 
• I LUMEN /W 


W ■■ i sTERAWAN 


AREA tiff* 

JLLUMNAMCE ■ I LUMEN /FT* 
• IFT-CANOLE 



AREA * I METER* v 

ILLLWSNANCE * I LUMEN/M* 

• i meter candle 

« I LUX 


AftfcFTCP fMM PtMCiPtll Of WTfHCI - W • OPTIO. 
»t f w. Uebi. CY PllteiKW <*■ sHAiWitY 
nm.HHm'tfr+Hti. wc 


H.LUMMAHCC * COOOI LUMEN /CM* 


Figure 3.6 {foUitionships between Intensity Unite at Source and Illuminance Unite on 
surfaces at Varfoua ut stance* (alter »ear»2-6) 
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THS NATURE OF LUMINOUS FLUX 

Since light !• defined in terms of the eye's response to rediant ener> y, one would suspect that, 
while luminoue flux is related to the transfer of radiant energy, the relation is neither linear nor 
simple. His suspicion* would be correct. Three factors complicate the situation. 

The first is the eye's differential response to wave lengths within the visible spectrum. Figure 
2.10 shows that the eye is twice as sensitive to a yellow-green of 5S0 mu, .as II is to a blue of 4S0 
mu, and many time* more sensitive to a yellow-green Dan to violet and rod, at the ends of the visible 
spectrum. The situation ia further complicated by differences in die responses of individuals. Fig- 
ure 2.11 shows that some individuals of "normal vision" are only a fraction as sensitive to light at 
certain wave leiigiha as other Individuals, 


The second complicating factor is that the eye uses one set of receptors, the cones, for higher 
levels of illumination, and the more sensitive but less precise rods at low levels of illumination (see 
Chapter 3). At in-between levela, it ueee both types of receptors to varying degrees. Rod vision ia 
moet sensitive to light at just over 500 mp, while core vision is most sensitive to light of a wave 
length some SO mu higher (Fig. 2.10). The two type* of receptors also differ in the time it takes 
them to regain maximum sensitivity after their sensitivity has been Impaired by exposure to bright 
light, and In ether respects. Therefore, If radiant flux is increased or decreased eo as to bring the 
level of Illumination througn ih« trinaition cone between rode and cones, the curve for sensation of 
brightness — the luminance curve -- becomes displaced. 

T-ho »hwi f-clor i£ ihst CTCr. If m e iiei'.i die seme, ami only rod or 

cone vision is used, the sen.eenon of brightness does not increase iinenrly with the increase in radtant 
fhot received at the eye. Thai ia. dnuhiia; the watts of radixr.t Rax dues not produce « ivnaauon of 
double the brightness. 



WAVELENGTH (N Rip 

Figure 2. 10 Standard Luminosity Curves. Rel- 
ative Sensitivity to Radiant Flux as a 
Function of Wavelength 
(data from Haehl awl 



For those reasons, (he human eye was 
Originally used as the senaing device in work- 
ing out standard scales of photometric values, 
end human observers are generally used in 
determining the luminance at objects In labora- 
tory and field teats; generally under each set of 
conditions, the observers compare an unknown 
light Source wit' 1 a standard ;io»rrco( known lu- 
minance or intensity. Similarly, devices uaed to 
measure U^aredesigned. by fiilereor ether 
m r - <ra, to respond to radiant flux in the same man- 
ner as ‘lie eye. 



wavelength in m? 


Figure 2,11 Individual Luminosity Curves for 
Six of the Subjects Used in Obtaining the Stand- 
ard Luminosity Curves , , 

(data from Gihswm and Tyndall ~ -j 
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Figure 2.12 Luminance In MllHlambert* Under Various Natural Conditions of Illumination 

Values at which normal eye ahlfta from rod vision to combined 
rod-and-cone and full-cone vision are alao shown. 

The fact remains, however, tint, under any given set of conditions, a given amount of luminous 
flux is produced by a givet radiant flux that can be specified In terms of watts and spectral compo- 
sition. 


Figure 2.12 chows luminance values under natural conditions ranging from the minimum lumi- 
nance that can be detected under the mnsi Irmwin conditions to ihe highest luminance the eye can 
tolerate, 


me sensation « color combines separate psychological component* that are complexly related 
to different physical properties of light. It does not lend itself easily to psychophysical evaluation or 
photometric measurements; the psychologies! sensations themselves must be evaluated, and these 
are difficult to express In terms that mean the same thing to everyone Nevertheless, a number of 
more or lees successful methods have been ueveluped for specifying color ana rsiaun* it U> w 
cal properties of light. The moat Important are described later In this chapter. 

Color may be considered as having three psychological components: hue, saturat ion, and 
brightness. Most systems of color specification make use of these three concepts In one form or 
another. 

Hue Is the aspect of color commonly denoted by such names as red, yellow, green, blue, orange, 
and many others. The moat closely related physical property of light is wave length — though the 
hue purple dues not correspond to any wave length In the spectrum. 

Saturation is defined as the degree to which a sensation of hue differs from a gray of the same bright* 
ness. Colors ihat are 100 percent saturated are ■ riled spectrum colors . When white light Is added to a 
spectrum color, the spectrum color decreases in saturation. For example, a spectrum red becomes more 
or less pink when it l; mixed %itn white light; it is still rod in hue, but its saturation has decreased. 

The cc.'uai ion of brightness is related to the amount of luminous flux reaching the eye from an object 
or light source. Other things being equal, a source of high intensity or luminance will seem bright-colored - - 

hrieht rwt hviarit* Wn«» »*r - _ C? —it, Of .lull - * il. 

A sample of red that seems dark on n cloudy day will seem bright on s sunny day; the hue and salon? (on re- 
main in? ;;me. but more luminous flux la reaching the aye. 

Saeic to the future study and use of color is the field uf color specification. It can be seen 
from the foregoing that hue designations alone would give a very incomplete idea of color. Further, 

(he large number of h'JP3 points Up the necessity for some kind of sysio.a. Sol before methods ot 
color specification can be discussed, three basic difficulties should be pointed out, 

The first difficulty is tfett there is no one-to-one correspondence between the energy output of 
a source and the observer's perception of its brightness. As explained earlier, radiant energy at 
dilltirem wave lengths produces different sensations of brightness >ven though the amount of energy 
Is the same at each wave length (Figs. 2 10 and 2. 1 1). 

The Second difficulty la that human observers have trouble judging absolute levels cf bright- 
ness, saturation, and hue. These are psychological Judgments, difficult to make under Ideal cir- 
cumstances and - r B difficult If certain other psychological events occur at the same time. For 
example siv object of a certain hue and brightness is shown first by itself and then next to an 

object of ( o. a hue ind brigh ness; the hue and brghtneas of the first object will appear to 

change, eve . . a 'h the energ/ emitted from It remains the same physically. 

The third difficulty la that die color of an object depends just as much on the spectral charac- 
teristics of the iliumtnant as It does on the nature of the object. As most people are aware, (or ex- 
ample, fabrics change color when moved from the light of ordinary tungsten-filament bulbs to 
fluorescent light. Any accurate system of color specification must account for this fact by relating 
the color to a standard light soa'^on. 

The Tristimulus Method of Color Specification 

To dele, the most objective and accurate method of specifying colors other than spectrum colors 
is the triattmulus method. It can be shown that any color can be matched by properly combining 
throe pure spectrum colors called primary colors. If a colored sample la placed In one half of a 
photometric field, a mixture of three primary colors -- red, green, and blue, for example -- In tho 
otM; half of ihe flrid can be made to match the colored sample. This la done by varying the relative 
brightness of the three primary colors. Such a procedure Is called tristlmuluB colorimetry ; the lo- 
st rtiment used la a colorimeter. 
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A drawback to this method In that, »* have the matrhtnir turlym ent of on* dwrrvpr can- 

not be taken as representative. Only when a large number of observers are used in each e: < eriment 
cn.n consistent values be obtained for the relative brightness of primary colors required to match any 
given color. 


In order to avoid this difficult; and to make 
the procedure as objective as fcrsible, the tri- 
stimulus method was revised and standardised by 
the Internationa) Oomm’selori on Illumination (ICI). 
Three primary colors w are agreed upon. Then, by 
experiments with a number of normal observers, 
standard values for the relative amounts of each 
primary color were established to match each 
wave length in the visible spectrum. With these 
values available in tabular form, a more ubjuc- 
Uve and economical technique may be used to 
specify color. 

The first step is to determine the spectral 
composition of the color sample with a spectro- 
photometer. The results of such measurements 
are shown for a sample of green paint in Figure 
2.13, The reflection factor at each wavs length of 

i urn. a. «r a— “-. it t. it ui-. -r„ t. 

MS oaiij^ibf Isa Ul WUttAAI Wisest* SbU^Ul MSCS kUWUj AO 

multiplied by each of the ICI tristlmulus values 

(ftp that wsv§ loivtK TKa r*aulHn« yaluAA nro 

summed over all wave lengths for each primary 
separately. The restate are three valuer, X, Y, 
and Z, each of which represents the total contri- 
bution of one of the three primariev to the color 
of the sample. 



Figure 2.13 Spectral Reflection Curve of a 
Topical Green Paint 
The sample reflects SB percent 
of all the energy reaching it at 
500 mjt but only 5 percent at 
080 mp.tfrom Hardy*- 3) 


One more point is important here. It was 
pointed out earlier that the color of a sample de- 
pends not only on ita own characteristics bat also 
or. the spectral emlttance of the light source under 
which It is viewed. Tterefore, for each spectrum color, not one but three sets of ICI tristlaulva values have 
bee ndstsrtBl tied, eachfor a different standard source of illuminance. liiuiaiiam A represents the spectral 
emittanceof most tungsten-filament Incandescent lamps. IUumlnantB represents the spectral amlttance 
of average noon sunlight. IlluminanlC represents the spectral emlttance of average daylight. In specify- 
ing a color that is going to iw used under known conditions of ilium) nation, the tristlmulus values for the 
standard llliimlnant conforming most closely to those conditions e h sw l d be used. In addition, special sets 
of tristlmulus values may be derived for iiiuminants whose spectral emissions differ greatly from those or 
the three standards. 


The ICI tristlmulus values can be plotted graphically with cartesian coordinates, If the follow- 
ing transformations are made: 


X * X + Y + Z 


( 1 ) 


y - 


Y 

X + Y+ Z 


( 2 ) 


where X, Y, and Z are the amounts of the three primaries in any sample and x and y are the "tri- 
chromatic coefficients" In the ICI system. The abscissa of the graph becomes x and the ordinate be- 
comes y, z may be obtained from the relationship x + y + z = 1. Such a graph, shown In Figure 2.14, 
is called a chromatic;!? diagram. 

Any color may be 1 seated on the diagram by specifying its trichromatic coefficients. The solid 
curved line la the locus all the soectrum colors. Purple, not a spectrum color bu) a mixture of 
red and violet, has Its locus in the ntralght line joining the ends of the visible spectrum (400 to 700 
mp). In Figure 2.14, the color of one of the ICI standard Iiiuminants, Illumitianl C, has been plotted 
from its trichromatic coefficients. It is represented by point C. If desired, the trichromatic 
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coefficient# of other llluminanta (Including the 
other two WJl atamSj.rdai may be similarly located 
In the diagram. While Hlumlnant C la used moat 
frequently, care muat be taken tospecify the M- 
lutninant under which acolor Is to bn viewed, 
especially If its spectral emitUnce is unusual. 

From the chromatlcity diagram, a color 
ran he specified !n terms of dominant wav e 
.' ength , pairlty, and complementary wave le n gth. 
’file final component, brightnes s, can be obtained 
from the trisltimdus values. As an illustration, 
titke the sample of green paint whose spectral 
reflection facto *j were plotted In Figure 2.13; 
assume it Is to be viewed under Ulumlnant C. 

R.y multiplying the reflection factors by each 
tristimulus value at each wave length and 
summing up for each primary, the tristimulus 
values of the sample are found to be X ■ 15. 5, 

Y = 24.2, and X - 22.04. By equations (II and 
(2), the trichromatic coefficients of the sample 
are found to be x = 0.25 and y » 0.39. The color 
sample thus rails at point G on the chromatlcity 
diagram, Figure 2.14. The color Is specified as 

i 1 1 1 



G Represent# the green patut m figure 2,13; 

IS HI"***'*:- »«,« ", " U . , lu 


1. Dominant wave length. To ttnti out generally what the sample looks like, draw a straight Use 
( lUshcd', IrunI ti= illusstssntTC, through the sample. O.jo the spectrum locus (solid line) on the chro* 
maticity diagram. It Intersects the locus at 508 mu. This is the dominant iwfve length of the sample; 
i* shows that tho sample looks something like a blue-green. It also meana that the sample can be 
exactly matched by adding the proper amount ot Ulumlnant t, to a pure spectrum iuW of 3CC m^. 

Clearly, then, the concept of dominant wave length is a psychophysical, and more precise, 
equivalent of the concept of hue. 

2. Purity. The chromatlcity diagram shows hat all combinations of Blumlnant C and a spec- 
trum color of W8 mp must lie on the straight line Joining them. The color G is merely om of the 
possible combinations. The less Ulumlnant C and the more 500 mu (green) the sample contained, the 
nearer it would be to the spectrum iocue; the purest green that could theoretically be obtained would 
fall right on the locus. The relative distance of the color along the line irom C to ine spcclivm locus 
defines Its purity. Thus, the green sample G has a purity of *Q percent. The spectrum colors have a 
purity of 100 percent, which, however, cannot actually be reproduced; the colors of the spectrum used 
in the ICI system are theoretical colors of unattainable purity. 

ft should be clear now that the concept of purity Is the psychophysical equivalent of Die concept 
of saturation. 

3. Com plementary wave length. If two cedar#, mixed together, appear achromatic (i.e., a gray 
having the aanjo trichromatic coefficients as the Ulumlr.BRt), their dominant wave lengths are said to 
be complementary. To find the complementary wave length of a color sample on the chromatlcity 
diagram, extend ite dominant wave length line back through the Hlumlnant point until it intersects the 
spectrum Iocub on the opposite side. The spectrum value at the intersection is the complementary 
wave length. It can be seen that the green sample G does not have a complementary wave length, 
because an extension of the line from G through C would not Intersect the spectrum locus. However, 
the red sample Indicated by R hae a complementary wave length of 466 mu. 

Since purple la net a spectrum color, it has no dominant wave length. However, we can specify 
a given sample of purple by its complementary wave length, which is a spectrum color. In this case, 
a "c" is put after the wave length to show that It is complementary (e.g., 530 c). 

4. Brightnes s. It has been shown that the sensation of brightness differ# for different wave 
lengths when the amount of radiant energy is the same. For the primary V in the ICI system, a green 
nf 555 mp chosen whose itiainhotion in the spectrum rolors exactly paralleled that of the photoptc 
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luminosity curve (Fig 2.10). The relative brightness ot a sample is Uierefore given By the ratio be- — 
tween the total amount of Y in the sample and the iuUi ..mount of Y ir. a perfectly reflecting (or trans- 
mitting) sample viewed under the same Ulumlnant. Suppose 4i sjuniHu ui color hu the trisumuiui 
values X ■ 3 1 .0 , Y ■ 48.4, and Z » 49.3. It has the same t- ihromallc coefficients us the green sample 
shown in Figure 2,13 (x » 0,25; y « 0.30), and It will appear at the same point, G, on the chromattclty 
diagram. Because It possesses twice the amount of the Y primary, however (48.4 against 24.2), it is 
twice as bright as the green sample In Figure 2.13. 


Other Methods of Color Specification 

Color rnay also he specified by visually 
matching samples with printed, dyed, or painted 
standards. Such specification isfrequently usedin 
the paint and textile Industries. One such system is 
the widely used Munsell system, named after its 
author. Like a number of these systems, the Mun- 
sell system is based on a color solid whose coordi- 
nates are like those In Figure 2.15, and li Is fairly 
representative of color systems based on solids. 

The color? are arranged according to their psycho- 
logical preperti " hvc, ir '-. ?rd - 

ness. (The Munsell system substitutes ths word 
ebroas for saturation and the word yaha for 
brightness.) The solid Is most easily acscntjeo in 
terms of a horizontal circle ulth a vertical axis. 

Hues are arranged radially si-ouro the circle. Sat- 
y ration (chroma! Increases from the^erttcalaals 
outward in a liOfUonU! plane. Colors at the verti- 
cal axis are achromatic, while the completely 
saturated spectrum colors fall on the rim of the 
circle. Complementary colors are diametrically 
opposed. Brightness (value) is represented by the 
vertical axis. It runs from the extreme dark at the 
"south pole" to extreme Light at the "north pole.” 
The Munsell Atlas* -7 ! contains piloted samples of all 
the colors in the system, arranged either in verti- 
cal planes or harizo-.tal planes through the solid. 



Figure 2.15 A Prototype Color Solid 
(sfter Munsell* *") 


Colors in the Munsell system are completely specified by symbols that designate their hue, 
chroma, and value. For example, a certain vermUUon is specified 5 ft 4/10 (Fig. 2.15). The 5 R 
designates the fifth (or medium) red In the hue sequence, 4 designates its value, and 10 its chroma. 
Therefore 5 It 4/10 Is a red without any tendency towards yellow or purple, Its value is a little darker 
than a medium gray, and it is completely saturated (approximating the saturation ot a spectrum color). 
Another red, 3 ft 8/5 would contain a moderate amount ot yellow, it would be lighter in value than the 
other red, and It would be less saturated (i.e., less chromatic). The purest yellow obtainable is 
5 Y 8/8, which would be a yellow of high brightness (value) slid saturation (chroma) falling high above 
the plane of the circle in Figure 2.15. 

Color Mixing 


The ICI, Munsell, and some other systems ot color specification furnish Information that can be 
used to mix colors with predictable results, though eirors may be introduced by imperfect filters or 
pigments. There are two ways of mixing colors, additive and subtractive . 

Additive color mixture occurs when several wave lengths at light are simultaneously reflected 
or transmitted into the eye from ths same source. As slated earlier, the eye cannot separate the 
components. Therefore, the sensation of only a single color is aroused. This kind of mixing occurs 
in the process of calorimetry and forma the basis of the ICI system. Figure 2.16 gives an example 
of additive color mixing. If two samples are located on the chromatlcity diagram, Figure 2.14, the 
straight hne Joining them represents the locus of all the possible mixtures of the two. For example, 
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naily reaches the rye 16 that which ha* not been absorbed (subtracted) along the way. Figure 2.17 ,J 

shows what happens when d laments are mixed an as to osm s * * ■*tbtr*ctt?e mixture. The vshl'!,, >{ 

the amount of dilution, the base, and many other variables enter Into subtractive Mixtures of paints j. 

ssd dye*, Results are therefore difficult to predict precisely. Experience with (he particular media 
i> important in subtractive mixtures. 
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Figure 2.17 The Course of a Single Beam, of Light Through a Mixture of Two Figments 

(from Soars**®) 
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CHAPTER 3 
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This chapter describes the eye and how it functions. The word "eye" in this chapter means 
the opaque white sphere, commonly called the eyeball, with its transparent corneal bulge and internal 
components. Muscles attached to tftia sphere position it in its bony cavity and turn it as a unit; that 
is, ’leye movement" is turning of the eyeball about either a ver' leal or horizontal axis. For descrip- 
tive purposes, these muscles, as well as the fat that cushions the eye, the eyelids, tear glands, and 
other structures outside the sphere are considered "surrounding structures" rather than part of 
the eye. 

In dealing with visual performance, the parts of the eye which are directly related to image 
formation, image quality, and perception seem more Important than the others, and these are em- 
phasized here. They include the cornea, which acts i\a die first 1ms in the optical system; the 
crystalline lens in the interior of the eye, whose curvature can be changed for focusing of near 
or distant objects; the trie, which can constrict the pqpil over the lens or dilate the pupil for a rough 
adjustment to the amount of light entering the eye; and the retina, the eyeball's thin Ulterior lining, 
which contains mi l lions of photosensitive receptors, called the cones and rods. Most of the cones 
are concentrated in a small central spot on the retina called the fovea, which distinguishes color ar.d 
detail. The rods, though triable to pick up detail, are chemically and structurally equipped to respond 
to much lower i l lumin ation than the cones. They are used for night vision. Single fibers from each 
foveal cone, from each group of rods, and from groups of cones outside the fovea go all the way to the 
brain via the optic nerve, which is actually a "bundle" of nerve fibers: the lateral geniculate body, 
which is a relay station; and the optic radiations, which spread out to the visual cortex of the brain. 
The optic nerve leaves the retina about 15* toward the nose from the fovea. 

THE STRUCTURE OF THE EYE 

Structures Around the Eye 

The human eyes lie protected in a pair of irregular, somewhat conical, bony cavities in the 
skull called the orbits . Each eye is cushioned in its bony cup by masses of fat. It is supported by 
ligaments, fat, and the six extraocular muscles that turn the eye (Fig. 3.1). The eyes can be turned 
approximately 50 degrees to either side of the resting position, 40 degrees above, and 60 degrees 
below. They can also be moved in torsion about the optical axis, though this motion is limited to less 
than i.o degrees. 


SUPERIOR 



Figure 3.1 The Eye Positioned In the Orbit 


The open end of the orbit is curtained by 
the eyelids , folds of skin that move together to 
cover the eye or pull apart to expose it. The 
lids play an important role in keeping the eye- 
ball clean and moist, for if the eyeoaii becomes 
dry, vision is impaired. Involuntarily, every two 
to tea seconds the lids sweep moisture across 
the front of the eyeball (blinking). Involuntarily, 
blinking also occurs t? protect the eye from 
too-bright light, from dirt particles on the eye, 
and from objects that move rapidly toward the 
eye. In some cases, involuntary blinking cars 
be avoided or postponed. Voluntary blinking is also 
possible. Since even a normal blink (for moisten- 
ing, with no threat present) lasts 0.3 to 0.4 
second, DUnKing may involve a critical ioss of 
vision when a man is moving at hundreds of feet 
per second. 
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Component* of the Eye 


rram the nutniHe, the eye looks like an opaque white sphere with a transparent bulge, the 
cornea , at the front (Fig. 3.2). The eye is about 24 mm in diameter. The corneal bulge has a hori- 
zontal radius of about eight mm and a vertical radius of about six mm, and occupies about one-sixth 
of the surface area. 



Figure 3.2 Cross Section of die Right Eye 


The white surface is a tough envelope 
called the sclera that protects and supports the 
component' /die eye inside it. The back of the 
sclera is pierced by a number of blood vessels 
aud nerves entering or leaving the eye. The 
most important of these nerves is the optic nerve . 
This nerve,' t! oughoct its extent approximately 
1.5 to 3 mm i'l diameter, passes Into the skull 
through the op nlng at the apex of the orbit U 
transmits all visual stimulation from the eye to 
the brain. 

The cornea is the window through which 
light enters tt> o eye. Optically speaking, it is the 
first lens in i ie optical path of the eye. 


from Above 


Immediately inside the sclera is a thin, dark brown lining c. olood vessels, the choroid. These 
vessels furnish nutrition for the eye (Fig. 3.2). The choroid reduces the amount of light entering 
through the walls and also reduces internal reflections. Toward the Jront of the eye, near the Junction 
of the sclera and the cornea, the choroid layer thickens to form the nuscular ciliary body. The front 
portion of the ciliary body leaves the wall of die eye, extending inward to form the irfiT"^ 

The iris controls the amount of light entering the eye. It is a telicate membrane stretching 

i “t« rior eye at the base of the corneal bulge, with circular opening (the pupil) near 
. center. The ptg>il can be dilated to admit more light to the eye . r contracted to admit lesB. Hie 
va f ie ® in <»i*raeter from approximately 2 to 8 nun. a mtio d pupillary areas of 1 to 

* 6 ‘ {ft *®°f he . r han £ tt ^. l be ,“ een ** rati0 the weakest Ugh* tl e eye can see to the strongest 
it will tolerate is on the order of 1 to 10 billion, a striking example if nonlinearity of the eye’s 
rcopon00* 


r, “ d cornea is a space (the interior of the bulge) called the anterior chamber, 

it is filled with a clear liquid, the aqueous humor. The aaueous humor has a r»frarti^ mot 

“ the cornea's, and sc bend sfcnificantl, as the, lea™ the” “ 7 

U,' _ yy«a_mne lens lies lmmedlatel, behind the iris, touching it near the pupil's etfee. it pro- 
vides adjustable foeusing and absorbs and disperses harmful ultn violet rave. The lens is constricted 

“TTW °‘ * ‘““•""•‘t **** »*“»» material coiSS™ , 

^. . y 7"’ Wtlngy capsule. The lens is convex on both surfaces. At its widest rortion at Its center 
It la about 3.7 mm thick. U ia attached to the back portion of the ciliary body to a^ “i “" ™tem 
“fasslc fibers. When the ciliary muscle u con.rarted, tite^sonuSn^si^f 
permitting the forward surface of the lens to bulge slightly. In this way they change the focus of the 
eye for near objects. Between portions of the iris and the zonule fiber? is a sii^f annuls? ® ace tte 
posterior cha mber , also filled with aqueous humor. Bpace ’ 1/16 

Back of the surface formed by the ciUary body, the zonule fibers, and the lens is another 
^ arn ^ r ^ f th f. eye - P 1 ^ 18 mied " transparent, semi-solia g* t, the vitreous bodv or vitreous 
&Tng the iens7a^^orte V h^ napa 8UbBtanCe t °' UW * yebaU ' of lSSE~ 


,',7 ;; tftajRrcous chamber, from the ciliary body back, has a delicate, puper-thin tranc- 
Un ‘ w ‘ ralcd the For a » ‘ts thinness, the retina is a complex structure 


Best Available Copy 


31 






receptors, nerve cells and fibers, blood vessels, and connective tissues. The physiology of the retina 
Is described in sesas detail In tbs next paragraphs, because it explains some of ine most important 

and unusual aspects of visual performance. 


Components sad Functions of the Retina 

The retina is a light-sensitive layer that receives radiant energy and changes it into nerve im- 
pulses. Thee* impulses are transmitted to the brain to give the sensatf.c® of light. The transformation 
of energies in the retina takes place within the photosensitive elements, which receive the light stimuli 
and initiate the impulses to the brain by way of the optic nerve. The various retinal elements and 
neural fibers have specialised functions and form a highly complex system. 


The retina as s whole Is made up of a layer of photosensitive receptors, two primary layers of 
neural connections, and subsequent neural- fiber pathways from the retina. Actually, ten layers of 
me retina can be distinguished, with fibers travelling in many directions within them. These layers 
are arranged so that light must first pass through the layers of fibers and connections before reach- 
ing the recepto r s. The receptors and their. neural transmitters are divided into two working systems, 
the cone system and the rod s y stem . The two systems differ in structural relationships, in distri- 
bution through the retina, and most important, in function. Their major functional difference is this: 
When the level of Illumination is high, the cc»e system is functioning and we see both color and 
detail jnbotcplc vision) . When the illumination is lowered to a night-time level, the ewe system 
can no longer function, and the rod system takes over. We now see everything as colorless — in 
shades of gray — with little or no detail ( scotoplc vision ). 


Cwe jystem 


Cone receptors are rather evenly distributed over most of the retina, but there are bulldigm 
in two areas: the central area, or fovea , and the ext ~me edge (see Fig. 3.3). By far the greatest 



Figure 3.3 Density of Rods and Cones From Nasal to Temporal 
Edge of Retina (from Chapanis 3- !) 

concentration is in tne fovea; at Its center, the fovea central ir,, the density has been measured at 
147,000 cones per square mm. The fovea ts thus '.he arei of acute vision. Its entire area is ap- 
proximately 1.50 mm in diameter and subtends at. out 5 degrees of visual angle.* Near the ora 
serrata or the rim of the retina, the density of c/rfies in about 16,300 per square mm, but this area 
la little used In vision. Like one-party telephonr j,the cone receptors in the fovea are connected 


* 1 mm = 3.4° of visual angle 
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Hie foveal cone recep- 


indi virtually to the brain.' The system is shown schematically in Figure 3.4. The foveal co 
tor i» joined to two siafiti&rw* g“!gUs= c^i, cca..-ctc- *r. sci 

These cells serve ao traaiamltters.. Auber from the ss co odcell extends to the brain by way of the 
optic nerve, which, as we shall see. is made, up of indiridoal nerve fibers. The cones outside the 
fovea, however, do not have inmvWWU comje^oii^^Wstes^ several receptors (cones, rods, or 
both) are linked together by branches from single neural pathways. In addition, various groups of 
receptor units may be linked together by horizontal cells and possibly by amacrine cells. 


The cones respond to a wide range of light 
intensities. They can also adaptoradjust their 
sensitivity to suit relatively high prevailing levels 
of illumination above roughly .003 mL: These 
functions are accomplished by means of chemical 
changes in the photosensitive substance iod opsin, 
which they contain. Iodopsin breaks down under 
stimulation and regenerates when the stimulus is 
removed and to a lesser extent if the stimulus 
remains unchanged — extremely complicated 
chemical processes that are still being studied. 

Rod System 


AOAPTVD PftOtf TMt •fTWA. 1Y 5. L. rOCYAK. 1941. BY PERMISSION* 
OP THf UMVEtflTY 0 * CHICAGO PtlSi. 



The other retinal system is composed of die 
rod receptors and their underlying neural links. 

The rods are much less evenly distributed in the 
receptor layer of the retina than the canes (Fig. 

3.3). They are completely absent from a very small 
central area that subtends about one degree of visual 
angle. Outside this area, they build up rapidly, 
reaching their maximum density of 150,000 to 
170,000 per square mm at a distance Of about 6 mm, 
or 18 to 20 degrees, from the fovea. From this 
point out to the extreme periphery, the density of 
rods gradually decreases to 30,000 to 50,000 per 
square mm. The neural connecting «ystem for the 

rod receptors is much less specialized than for the foveal cones. No rod has individual links to the 
optic nerve pathway. Instead, several rods are joined to asingle nerve cell, as shown in Figure 3.4. 
Ibis nerve cell is joined to another nerve cell that sends afiber to the brain by way of the optic nerve. 


Figure 3.4 Schem^c Diagram of the Rods 
and Cones and Their Underlying Neural 
Connections (after Polyak 3-3 ) 


Rod receptors respond :o lower light intensities than cones, for two reasons: (l) They con- 
tain rhodepsin (visual purple), a highly photosensitive material — that is, it starts to break down 
when exposed to very low illumination; (2) Impulses from several rods are combined in a single 
neural pathway, as shown in Figure 3.4. The photochemical reaction is important. However, unless 
illumination is kept low, the breakdown of rhodepsin lowers its effective concentration, and the rods 
lose their sensitivity to low illumination; moreover, they do not recover it for some time after the 
illumination is cut off. Complete dark adaptation, the period for the rods to recover their full sen- 
sitivity, usually requires about 35 minutes. Very weak light impulses impinging on the individual 
rods are added up when they stiuce their common neural connection, and so produce a sensation. 

The sensitivity of the rod system varies over the retina. The rods are most sensitive where they 
are also most dense, about 18 tc 20 degrees from the fovea. 

Optic Disc 

There is one place in the eye where the retina contains few if any receptors. It is where the 
nerve fibers from the retina are combined into the optic nerve and leave the globe. This absence of 
receptors produces a functional "blind upot. " The optic disc, or blind spot, is located about 15 de- 
grees from the fovea on the nasal side/ of the retina(Fig. 3.2 and Fig. 3.3). It covers an area about 7 
degrees high and 5 degrees wide. In meet circumstances v;c are unaware of its existence, because even 
when focusing on a point with one eye shut, we mentally fill in the gap left by the blind spot and, with 
ix>th eyes open, the blind area of one eye Is filled in by the otner eye. However, Use existence of the 
blind spot can be shown by means of Figure 3.5. ‘Villi, the left eye closed and the figure nt eye level 
about 10 inches away, focus on the cross; tbo circle .mould disappear. 
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Figure 3.5 Blind Spot Test (from Duke- Elder 3 * 2) 


OPTIC NERVES 

The optic nerves from the two eyes extend backw. rd and intersect at the chiasma (Fig. 3.6). 
Here, the nerve divides. Those fibers from the right half of both eyes form an optic tract that 
passes to the right side of the visual cortex of the brain. Those from the left half of both eyes form 
a second optic tract that passes to the left half of the cortex. From retina to geniculate body to 
visual cortex in the brain, each neural fiber maintains its individuality. Therefore, there is a 
point-to-point correspondence between the retina and the visual cortex of the brain, and the pattern 
of nervous impulses established in the retina is preserved in the cortex -- jne impulse per fovea! 
cone receptor, and a combined impulse for groups of rod3 and cones outside the fovea. 



aOATTCD TRAQUAJII'l aWCil PfPtKfTtT. W7. 
rr rMUrtsoH or mixsoip*iD tvo'munv lifted 

Figure 3.G Visual Nerve Paths 

The left sides of the retinas 
of both eyes are connected 
to the left side of the brain, 
and the right sides to the 
right side of the brain, (after 
Duko-Elder 3 *2) 
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CHAPTER 4 


OPTICS OF THE EYE 


For clear vision, the eye must refract most of the light received from each point on an object 
so aa to focus It on a corresponding point on the retina. The eye has many rt.ractlng surfaces, but 
the most important are at the cornea, wlw. .he greatest refraction occurs, and at the lens, whose 
curvature can be changed for fine adjustments In focusing. For most purposes, the complex optical 
system of the eye can be described In teres of s reduced eye (reduced from the normal eye) with a 
single hypothetical refracting surface . A study of the optics of the eye shows that when the normal 
eye Is at rest, rays that are not parallel--that Is, rays from any point closer than infinity— are fo- 
cused behind the retina , However, light rays from points farther than a xwt 6 meters arj nearly 
enough parallel so that the eye perceives a sharp image without adjusting. For closer objects, the 
eye converges light rays on the retina by increasing the curvature .if the lass, a process called accom- 
modation The sharpness of an image can also be increased by reducing pupil site or looking thr ough 
a small aperture. Much of the light entering the eye is scattered or absorbed; scattered light falling 
on the retina lends to reduce the contrast between the image and the field around it. 

When the two eyes are fixated on s distant object, the visual ssaa are almost parallel m most 
individuals. To bring the images of near objects to corresponding points on the two retinas, end 

CVCif ; fcublc ! rn the c;«ia h,. 1. 1 —•'**•*, <*■• iimi ■Use visual axes converge Wi me 

object. The eyes also move in unison to keep the images of moving objects in the field of vision, or 
to scan the field; they move in short Jumps, caiird saccadic ssissaU, attii ciw vision occurring 
between Jumps. 

OPTICS OF THE NORMAL EYE 
Refraction in the Eye 

For an object to be «»«r. clearly, the light raya entering the eye from any point oa the object 
must be brought to focus on a corresponding point tn the retina. The eye focuses light by refracting 
it -- bending it as it enters the eye and paaasc through to the retina. Kite degree to which light le 
refracted when passing from one medium to another depends on (1) the index cf r efraction of one 
medium relative to the oilier, (£) the curvature of the surface between them, and (3) thi angle at 
which light strikes the surface (see Chapter 2). 

From the air, which ha® * refractive Index cf 1,00, light enters th» eye through the cornea 
(refractive index 1.378), then passes successively through the aqueous humor (refractive Index 1.338), 
the crystalline lens (1.42), and the vitreous humor (1.336). The greatest difference In Indexes at 
refraction is between the <-’ter sir and the cornea, which In addition Is sharply curved. Therefore, 
the greatest amount of refraction in the otulu system occurs when the light enters the cornea from 
the air. The cornea does the primary Job of converging light toward the retina, while changes In the 
crystalline lens serve as a fine adjustment to sharpen the images of near objects. 

The Reduced Eye 

It would be difficult to trace a light ray accurately from the point where it enters the cornea to 
the point where It stimulates the retina. One would have to compute its refraction at each surface of 
both the cornea tux) the crystalline lens, not to mention the mi mite changes at the surfaces of the 
layers within these structures. 

However, a simple optical system can be postulated that will match the optical path of the eye 
closely enough for most purposes. This system, the redfaced ey e, averages the components of the 
ocular system: light entering it will reach virtually ft* same Final position on the retina as in the 
true eye. The redfaced eys is an Ideal convex spherical surface with a radius of curvature of 
5 73 mm; this surface, the hypo th etical rdractigg surface, separates two media ■-hose refractive 
indexes are 1,00 and 1.33?, respectively, tie anterior focal length is 17,084 mm and Its posterior 
focal length is 22.78 mm. (The posterior focal point folia at the retina in the normal eye.) This 
hjvcftcOesI refracting surface lies l.Su n.m behind the froni « the cornea. 
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Figure 4.1. The Reduced Eye (Scale 2.5:1) 

Figure 4.1 shows the reduced eye and Its relation to the real eye. Certain rays can be traced 
through the reduced eye in accordance with the following i ules: 

1 . Rays arriving at SS 1 while traveling parallel to the optical axis will all be bent so that hey pass 
through the posterior focal point, f 2 , on the retina.. 

2. Rays arriving at SS 1 from the anterior focal point, fj, will be bent so that they are parallel 
to the optical axis. 

3. Rays traveling directly toward the center of the spherical surface, nodal point N, will pass 
straight iuKwgu iu« ojatss n ^deflected. 

Figure 4.2A shows how these rules apply to a normal resting eye. Consider first three of the 
rays emanating from the tip of the arrow representing the object. The first ray (1) is parallel to the 
optical axis; at the surface 8S' it will be bent to pass through f, (rule 1). The second ray (£) passes 
through fj to SS', where it is bent so as to parallel the optical axis (rule 2). Where rays 1 and 1 
meet, we will have an image of the tip. To check the solution, assume that ray 3 passes through the 
nodal point, N: It passes undeflected through SS 1 (rule 3) and meets rays 1 and 2 at their junction. In 
the perfect eye, all rays emanating from the tip of the object and entering the eye would converge to 
form an Image of the tip at tills point, but we can determine the Image point by simply tracing two 
lines that follow any two of our three roles. Now, since the base of the object lien on the optical axle, 
which passes undeflected through N (rule 3), the base erf the image will also lie oj the axis. The 
complete image can therefore be represented by a perpench cellar arrow drawn from the axis to the 
intersection of the rays emanating from the tip of the object. 

Note tiiat ths image is inverted within the eye. We ck> not perceive an inverted world, however, 
because the experience erf seeing takes place within the brain, not at the retina; the inversion at this 
way-station of the visual path is incidental to the final perception. 

In Figure 4.2B, the object has been moved farther from the eye. Note That the image has now 
. noved n closer to f 2 , which lies on the retina. For an image to move in all the way to f 2 , however, 
chc object would have to be moved an infinite distance away, sc that all rayj reaching tire eye from 
the object would be p«r*ii*i to the optical axlB. Thus, Figure 4.2 shows that the eye at rest is 
focused for infinity: actual ebjeete, *t finite distances, will appear blurred, because their images fall 
behind the retina. When the object ie farther than about 20 from the eye, however, the effect of 
blur la slight and the eye can tolerate it. For closer objects, the eye adjusts Its focus by changing 
the curvature of the refracting surfaces. 
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Figure 4. 3 How Light Rays Fro® Objects are Beni at Hypothetical 
p.frorHM Airfare (g ») to For® Isasrs is Moras! Resting Eye 


Depth at Field 


Tbs lcnags of the farther object (B) if ctoeer to ioca! 
point it on iha ream, but noth imago* are oetuna 
rrHit* sbH jjM»r Kamd. 


Consider first the situation for more distant objects. Figure 4.3 shows Image l x for e close 
object Oi, Image I a for a farther object Oj, ar.tl the cones (rf the light rays from each object that are 
Intercepted and refracted by the hypothetical rafracut* auriace, {ioe aoUoi, tvr Bd* pwpoa# may 
be considered a plane.) The image c< each object la in focus behind the retina; on the retina itself 
it aopeiri m * circle, celled k blur circle . As the object is moved farther wy, the biur rlrcle 
becomes a mailer. At about six"m3ere, circle, white not infinitely small, le small enough ao that 
the brain interprets it at a point. Thus, it might be Mid that for objects beyond aU meters, the 
physic sl deviations from true ' jcim on the retina are within the 11 mi to of accuracy ci the brain a 
perceptive powers, when the eye ia focused for iniimiy; or as visual scientists express 11, Ibe resting 
eya haa a depth cf field Of sis meters (20 feel) to infinity. 


While still focused for infinity, the eye can sharpen visual lmsges further by reducing the site 
of the oitnj] — the opening in the irla Just outatde the crystalline lens (see Chapter 3). Figure 4.4 
shows schematically hens reducing he pupil r«ducai the blur circle. The dwhad llnw outline me 
cone erf r.ya that would be intercepted and bent by the refracting surfaeo II there were nothing 
between object and eye. The solid lines outline the reduced cons obtained by unuting vision the 
small pupl.lsury opening. In the second case, the focus or the retina Is much sharper. Visual images 
can also be sharpened by squinting and by looking through a small hole, such a« a pinhole. The ^ 
advantages of ail these procedures, of course, may be outweighed by the loss of tight that reaches and 
stimulates th » r. 



i 


Accommodation 

In order that objects closer than six meters m^v be brought to focus on the retina, the optical 
system of the eye must be modified. This ia accompi hod by contracting the ciliary musclan that 
allow the crystalline lens to become more convex. This p 4 ot use, c all ed accom menti on, ia llluat rated in 
Figure 4.8. In figure 4.8A, the eye la at rest -- focused for infinity; the Image of the cloaa object Is 
brought to focus well back of the retina, and its retinal image »e blurred. In Figure 4.5JT the eye Is 
* accomm odate d; the crystalline l«ni becomes more convex so that <be image falls on the retina. 





& 



The farther object haa a smaller blur circle, and ita Image on the retina 
Is more nearly In focua. 



Figure 4.4 Hoar the Blur la Reduced by *n Obstruction, Such u the !r!s ; That 
Limits the Spread of Light Rays Reaching the Eye 



Figure 4.6 How tho Eye Accommodates to Focua or Near Objects 

in A, the eye is at reel -- focused lor Infinity. In B, Uw curva- 
ture of the crystalline lane la increased; the rajra from the ob- 
ject are bent more, arid the image la brought to the retina. 
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Tho amount ut occommodaiion emrtea by ins eye is expressed in diopter s, the urdt used for 
designating the relractivo power at a lsna. Hie power of a tens In dlupters la the reciprocal of (t£> 
focal length In meter* (D « 1/F). A one-diopter lena focuaea parallel raya at a point one meter away, 
while a four -diopter lena focuses par all* raya at a point one-quarter meter away. You will recall 
that the unaccommodated eye la in foe on for parallel raya. If a four -diopter lena ie placed before the 
unaccommodated eye, an object one-quarter meter away will be focused on the retina. Therefore we 
can aay that, If the crystalline lens of the eye accommodates tu an equivalent extent, Its focusing 
power has Increased by four diopter* over Its unaccommodated state. In other words, the amount of 
accommodation of the eye for an object at a given distance la the refractive power of the lena that 
would have to be placed In front of die unaccommodated eye to bring tho same object into focus. 

Scattering and Absorption of Light In the Eye 

Light peering through the eye from cornea to retina Is absorbed and scattered at the surface of 
each component of the eye and In each medium through which It passes. It has been estimated from 
experimental data that only 10 percent of light incident on the cornea actually gets through to 
stimulate the visual receptors. Obviously, the Individual receptors must be very sensitive for 
vision to occur. They are probably almost perfect detectors, able to respond to almost the smallest 
amounts of energy that can be brought to them. 

A sizable amount at the scattered or "stray" light reaches and stimulates the ratios outside 
the region on which the Image falls. Because of tills stray light, electrical measurements sometimes 
show a gr ea ter total response from the recap tore outside the image than in It — though the response 

m t iw lfla MkA lS«<a£w aS 1 j COw CC wt e S* aSlv^dC*! fl *waoisses» A n q# rS C C p t B? * TSl£ sjf ftfif 

stray iighi is to retiut e Uie contrast — Uiu difference in Intensity — between tiie image and Uie virtual 
field around It. This reduction in contrast can reduce one's ability to distinguish an object, as will be 
seen in Chapter 0. 

yyj c i nr ...ut. Anti, '.v.-- 
v asavm wtui utiw my co 

Up to lids point, we have been talking about vision In a single eye (monocular vision). The 
structure and optica are essentially the same for each of the two eyes. However, when the two eyes 
are working together (binocular vision), additional characteristics coma into play. 

When the eyes are at rest, their visual axes are parallel, In moat Individuals, and the Images of 
distant objects fall on corresponding points In the two retinas. However, as an object approaches the 
resting eye, the relative locations of the two retinal images tend to change, and the person sees a 
double Image. To compensate, he turns it. , two eyes toward each other, so that tho visual axes cross 

hi Mie ippruiCiiiiig uujcCt, wnOoc inline thuS rouliiiiB Ou COI i tro puiiuift^ pulTita Ou uio twv rSuTinS) 

This procedure la called convergence . 

The two eyes also coordinate In other ways. Aa an object moves laterally and vertically, the 
two eyes move In unison to keep It In the field of vision. (Note that this Is a different kind of 
coordination from convergence.) The eyes coordinate in the same way when they have no definite 
object on which to focus -- when they are moved togoteer to search for details on the visual field. 

For example, the eyes move In unison when a person is reading nn Instrument panel in searching the 
sky or land surface for a target. Since a fixed object would appear as a blurred Image In a moving 
eye, the *ys» scan afield In a series of short Jumps; clear vision occurs when they are stationary 
between Jumps. These Jerky motions (sa ccadic mov ements ) must occur In unison In the two oyi l, but 
with a correction in each eye for convergence. frf addiUon, the pupils of the two eyes are adjusted In 
unison, and their crystalline lenses change curvature to the same degree to keep near objects in 
focus. Thus It can be seen that In normal vision convergence, saccadic motions, and pupillary and 
lens adjustments are occurring simultaneously In an integrated manner. 
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CHAPTER S 


REFRACTIVE ERROR*, HETIROPHORU, AND HETEROTROKA 


Title chapter la divided into three sections . Tbe 11 ret deala with retractive errors and Impair- 
ment ol optical functions due to increasing age , The ascotid deals with potential and actual lose of 
fixation of one of the eyes — heterophoria and heterotropla. The third given current visual standards 
for fljring personnel . . 

A refractive error exists when, with the lena Inside the eye In the resting state {least convex), 
parallel ray* of light are not focused on the retina. There are throe ways the refractive surfaces 
of the eye can fall to focus parallel rays. First, the raya may be focused in front of tbe retina; 
this Is myopia. Second, the rays may be focueed behind the retina; thia Is hyperopia. Third, the 
raya may be focueed unevenly In relation to tha plane of the retina; thia Is astigmatism . 

In addition to these three types of rafractive errors that exist with the eye in s resting state, 
there Is a fourth condition that occurs with increasing < te and le due to the diminishing ability of tbe 
eye lens to Increase Its convexity. This diminishing ability to Increase Its convexity results In the 
fatlure to bring the diverging rays from near objects to a focua on tbe retina; this is presbyopia. 

Correction of . vf root 1 ft i rruri i£ wlriWiwa or iwcixch time hnaea nr mmari iatwa. ■ ' 

Spectacle type lenr.ca are better than contact iensea lor moat flying personnel . contact antes , 

are indicated only to specific casts. Contact lsnsea are. In most cases, unsatisfactory because 
of one severe <Hs*«tvant?ge , This disadvantage la tha inability o! moat wearers to tolerate the 

Het .a r r L a ta (He leod-rscy cf iUc vl*!'®! — rif ia - n in f«n«g JS?™ itCliSui 

when there la no stimuli':, lor fusion -- i.e ., when the observer has no definite object to look at. 

Heterotropla exists whan tha deviation from parallelism la not overcome even when ■ stimulus is 
present . The moult ta a double image, until the development of suppression of vision in the devia- 
ting eye . 

While most people have some heterophoria, the condition can cause symptoms such as eyestrain 
and headaches; It can lead to temporary heteroiropU during periods of stress in the sir (high g-foreea, 

- hypoxia, ctc.) ; it may develop Into permanent heterotropla. or cause difficulty In distance Judgment — - 

in iandirg. While the laet result has been the chief justification for rejecting applicants for Hying and 
•or grounding flying personnel who have marked heterophoria, both theory and experience indicate 
that too much Importance has bean attached to the effect of hetetophoria on landing. In general* 
standards should be baaed on (a) the probability of any decrease is flight performance that may result 
from any of tbe symptoms of heterophoria and (b) the likelihood that heterophoria may develop Into 
heterotropla. 

i In the last section of the chapter, current U. 9. Air Force standards are presented for pilots 

% and other flight personnel. 

REFRACTIVE ERRORS 

In the normal eye, when the eye is at rest, parallel raya are focused on the retina. However, a 
Urge percentage oi the population has an optical system ir one or both eyes such that, -lib ilm less at 
real, parallel reys ;«• ho* tecmni w tin retine. They bavo myspla (nearsightedness), hyperopia 
(faralgMedaeaa), or astigmatism (unoymmetrical curvature of refractive surfaces). A fourth defect, 
presbyopia, a graftal lose of ability to focua for near objects, affects all eyes according to increasing 
age. 
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Types of Refractive Errors 

If, with the lens of the eye at rest (least 
convex), parallel rays are brought to a focus on 
the retina, then there is no refractive error, 
and the e> . Is called normal, or emmetropic 
(Fig. 0.1). If parallel rays are not brought to a 
focus on the retti* when the eye is ai rest, a 
refractive error, or ametropia, exists. This 
ametropia is due to the fact that the focusing 
power of the cornea and lens does not conform 
to the distance from the lens to the retina. “ > 

5' 3, 5-10 if parallel rays are brought to a 
focus in front of the retina, when the eye lens is 
at rest, myopia, or nearsightedness, exists. In 
this case, the too convex lens will focus the 
diverging rays from near objects on the retina, 
but not parallel rays. The result is an inability 
to see distinctly objects more distant than the 
conjugate focal point of the retina (f<;, Fig. 5.1). 
Myopia ordinarily does not produce symptoms 
of eyestrain: the individual just does not see 
distinctly.^**! 5-3 

If parallel rays are focused behind the 
retina, when the eye lens is at rest, hyperopia , 
or farsightedness, exists (Fig. 5.“.). Unless the 
lens has lost its focusing power with increasing age, 
or the hyperopia is excessive, or both, the lens can 
compensate for the deficiency in refractive 
nnwer. It dk*»<? this by iSCrSSSiSg its CSSTdir'.tt?, 
just as the r.crmal eye accommodates fr . ac.w* 
objects. If this compensatory mechanism suf- 
fices, the eye sees distinctly, but since the eye 
is constantly having to for.»« for both near and 
distant objects, instead of only for near objects, 
like the normal eye, symptoms of eyestrain often 
result?" 5-3 

If light rays are brought to a focus un- 
equally in relation to the retina, astigma. sm 
exists. Three kinds of astigmatism are iiius- 



FARSIGHTEDNESS (KYPEROPIA) 

Figure 5.1 Schematic Showing Relation 
of Image to Retina of Eye at Rest 
for Normal Vision and Two 
Types of Refractive Errors 



COMPOUND MYOPIC 


t rated in Figure 5.2. In compound hyperopia, 

parallel light rays are all brought to a focus 

behind the retina when the eye is at rest, but { 

they are brought to a focus at different points _ V - 

behind the retina, depending on where they — 

strike the cornea and lens. In compound mixfd 

myopia, the rays are similarly brought to a 

fr*us at different points in front of the retina, .... 

and in mixed astigmatism, some come to a focus Figure 5.2 Three Types of Astigmati m 

behind and some in front of the retina. Astig- 

inallsm causes indistinctness of vision and may cause symptoms of eyestrain. AstigmaUsm blurs 
, .^equally due to the fact that resolution is better in some meridians than othera- 5-10 

U Is more iikely to cause eyestrain if the axis of astigmatism is at oblique angles. 5- 

Presbyopia results from the diminishing ability of the eye lens to increase its convexity to accom- 
, nodate (focus) for near objects. The ability to Increase Its convexity dimful^M'-raduaJiy from birth unui 
t'leage of* seven*y when for all practical purposes, all lens elasticity is lost. Tnercfore, the near point at 
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which obJ«;U cu bs Men distinctly gradually recede* with ue (Fig. 5.3) . Al *h* age of 40-45, 
It he* receded to the point where !( handicap* moat Individuals In aeelng close objects, such as tine 
print. The difficulty is more pronounced under condition* of low Illumination, when the dilated pupil 
permits wt-oMocu* peripheral ray* to blur the retinal linage, and after illness and fatigue . 


Symptom* due to refractive error* are of two type*. The first type consist* of those symptoms 
indicating an Impairment of vision which are a blurring or doubling of objects. They occur most 
frequently with myopia and presbyopia, but are also found In significant amounts of astigmatism. 


The second type of symptom consists of indications of eyestrain, such aa headache, pstn In the 
eye, and ay* watering. While these symptoms do not directly reduce visual acuity, they reduce the 
accomplishment of visual duties by distracting attention and reducing the use of the eyes. This type 
of symptom occurs most frequently with hyperop La and astigmatism. 


The distribution of refractive errors among the population la shown In Figure 5.4. 
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MrrEeoeia myopia 

REFRACTIVE ERROR IR DIOPTERS 


Figure 5.3 Decrease In Accommodation 
With Age (from Duane 5 *®) 


Figure 5.4 Distribution of Refractive 
Errors among the Population (data from 
Downing?* 8 Dmatan, 3 “ Goealey, ** 12 
Kronfeld, 5-15 Munson, 5-18 SU taper, 1-20 
Tassman, s * 22 and Tron'* 23 ) 


Correction of Refractive errors 


Refractive errors are corrected merely by supplying the type -nd strength or lens necessary 
to focus parallel rays of light on Uw ratios , =-*/ a -»° Thus, for ibe correction of myopia, a con- 
cave liter, called a "minus Is ns," is supplied to correct the eye's excessive ref r sc live power. A 
minus Isms will shift the f ocuu of parallel rays of light from In front of the retina to the plane of 
tha ratios by diverging llgM rays entering the eye la the amount that the myopic eye produces con- 
vergeftcy of light rays. s **« Figure 5- S shows the diverging action of such a lens , 
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r * ''"■'wUw, 


Conversely, a hyperopic eye, which la 
lacking in refractive power, is nude emme- 


Jpftftlf Kw * 


psua let is 


s l 

CO NCAW on "UNU*' LFNS TO CORMCT MYOPIA 


convex on "plus’ lew to connect hyaewotia 


L A 


(Fig. 3.5}, which will converge light rays f 

entering the eye, thus shifting the plane of focus — -*• ■ — — — — ‘ 

from behind the retina on to the retina. 1 j| | ^ 

Astigmatism requires a correcting lens . ~rZ Z 

having various planes of focus through it, the £ — 

nature of the ion* power betas dc?c„dcr* ■”*?* § 

whether the astigmatism is hyperopic, .myopic, \ 

or a mixtuto of the tw« Such a lens ta called a cotow on "unu*" lens to cqrmct mvowa 

cylindrical lens- Figure 5.9 ahowia cylindrical 

lens, user - correct one type of asttgmatlam 

(see Fig. „ P 

Visual Acuity as an Index to Refractive Errore i- g 

Associated with moat refractive error* la ~ ~~~ — o __ 

a deviation from normal vision. Deviation from [ __ 

the normal resolution of objects la measured in IL ^ r 

terms of visual acuity, the ability of the eye to — — -V c 

resolve detail. While there are a number of — * V 

wav* of measuring and expressing vis— i acuitv. 

tile following method u. mu«i nuiiinuniy used in convex on "Plus’ lens to cortiec" hypewopia 

evaluating refractive errore in an individual: * 

iPlrst »<« minimum eeperaoie acuity is mesa- * 

ureri this i« tsjf mtnimue; distance :=‘Ci ahi=cL= ^ ^ 

ca^ be arart and still be discerned as uletinct _r/ \ LL yC ’N 

objects, measured in minutes of ancle auhietwW! f — \ t i i 

at the eye by the separation. The individual's V "'" ) top -Li , 

minimum separabla acuity is then expressed as VIE " \ y 

a fraction of ihe minimum separable acuity of maaroruu. m 

the normal eye, or la otherwise compared with ASTismatic eve ctximoaical u 

normal vision. The average human resolving ^ n ^ 

newer, under normal conditions, Is one minute S \. L 

of angle; if two objects am separated try less t I 

than that amount, jJ>e normal emmetropic sy* Xr — - — — i I- . ' j 

will SS discern iasr-i u iwo separate object*. view ^ V . ' 

Visual acuity cha.ts ("eye charts”) are based 
on minimum separable acuity." 

CTLII»mCAI.>9Tt6»IATliri.eN8 

The visual acuity recorded is usually re- 
ferred to twenty feet and expressed in the Figure 5.6 Three Types of Leases Used 

'/ollowtag fractional form: to Correct Refractive Errors 

distance of letter read 

by individual being tested 

distance at which letter could 
be read by Individual with 
normal resolution 

Thus, 20/40 indicates that Ihe tvrson tested must move to twenty feet to read a letter that can be refrdat 
forty feet by an individual having a mlnlmalseparableacvity of one minute; 10/200 indicate* that an indi- 
iktual tested must move to ten feel to read what could be read by an emmet ripe ait wo hundred feet 

Visual acuity is x part ia 1 index to ref ract tve errors, both in amount and type. Almost ell myopia, 
except in negligible amounts, will cause a lovering of the resolving power of the aye. Since in hyperopia, 

‘Visual acuity in a bio a function of the brightness, contrast, and other chs racialist tea of tbs objects 
viewed arid or the ata'.e of adaptation, location of the retinal image, and other characteristics of the 
observer. For a full discussion of this import**! sec Chapter 5. 


ASTISMATIC eve 


COAXEOTtON WITH 
CYLINDRICAL UN* 


CYLINDRICAL HSTlCM ATliTlE NS 

Figure 5.6 Three Type* of Leasee Used 
to Correct Refractive Errors 
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in lh« majority of cum, especially younger ln- 
dividutUa, the crystalline lena la able to supply 
ti»«unnmt ofpowtn tacking In the italic eye, there 
la seldom a lose of vlsui I acuity for distant ob- 
jects unless the amount of hyperopia exceeds or is 
cloaeto the amplitude of accommodation, Since the 
accommodation decreases with age, a loss in visual 
acuity la more likely In tha older hype rope than In 
the younger one with a similar refractive error. 

The effect of refractive errors on visual acu- 
ity can be beat seen by reference to Figure 5.6. 

Subjective Symptoms Associated with 
Refractive Errors 

Quite often, subjective symptoms accom- 
pamy refractive errors, mainly in hyperopia, 
presbyopia, and astigmatism. These symptoms 
may be divided into two classes, visual fat Igue and 
asthenopia. They art present mors frequently 
whan the Individual la doing close work. If ac- 

cooimodatina ni mmmAtmroo Is ir.SiStSlSSd for in 
esieitacd period, the iiidit'luiwi may note iow 
frontal headaches, Ucrimation, smarting, and' 
Siwie m las eyes, and sometimes actual pain in 
tha **«*. This collect !&“ of ty agtesa la Lsrissd 
asthenopia. There Is acme difference of opinion 



acreacTivc rasoa in diopters 


Figure 5.5 Effect of Refractive Errors on 
Visual Acuity (data from Crawford 3 - 7 
and PiriciaS- tS) 


regarding the amount of accommodation that cse He fer esunaed ptriods of time without 

producing utlwnopia, but, generally speaking, It is reported to be between two-thirds ami one-half 
the total amount of accommodation. Therefore, it can be seen that the greater the amount of uncor- 
rected hyperopia or presbyopia, the more likely the individual U to experience asthenopic symptoms. 


Asthsnoplc symptoms combined with visual fatigue (a lowering of visualperformsr.ee) will have the 
effect of lowering the Job performance of the Individual, Thua, uncorrected myopes will be able to 
perform does work longer and more efficiently than the uncorrected hypr*-ope or presbyope. When 
symptoms are noticed, It la an indication that the individual has reached the point where the mneha- 
nlom of *c cosom edat las car, no longer function eificiemiy at the present working distance. There Is 
some controreroy regarding the cause of low frontal headaches accompanying accommodative fatigue 
b ia generally sgresd that they are due to prolonged use of the ciliary body, which controls the 
Sution uf the crystalline lens, snO the squinting required to perceive a clearer retinal hong . 


Optical characteristics Inherent in the corrective lena are often the cause of individual dis- 
comfort. The minus, or concsve, lens will minify a viewed object, and the effect of a small, bright 
field will often cause physical discomfort to the corrected myope, especially if he la wearing s 
Aral correction or there has been an appreciable change in his pre*rrit«W!- Tbs correction or 
stUgmatlsm quite often produces a tilted or diatc .ted field of view If a first correction ta worn or If 
the plane of correction la rotated -- especially if tt Is rotated In a plane oblique to the horizontal 
plane of the eye. Distance judgment is Impaired. t« some extent, at least initially, until cues, which 
■are sometimes called clues, are relearned. With moat corrections, (he relearning of visual cum 
for proper distance Judgment requires only a few days, but In some case* of large amounts of 
oblique sstigmaihirri, the relearning process may be a much larger one, and in tome instances the 
function In never completely regained. When the head la rotated, the eyes lag behind, so that the 
astigmatic eye is no longer in alignment with the corrective lens. For this reason, astigmatic 
persona have difficulty in judging distance with their heads tilted. 

Progressive Aspect* of Refractive Error* 

Refractive a. 1 tots rare !y remain convtam , and they tend to change over re lal I vely short period* of 
tins. Tbs rsfracllve error most 1 Italy to show change la myopia, especially In younger Individ™*!* 
daring the years o.* growth. 
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Myopia haa besn dm tiled into three separate type* according to Its tendency to dance. These 
are stationary, progreastve — which is the more common — had malignant, in which there is such a 
rapid change in the refractive error that Uw condition Is considered pathological. The physiological 
change of the crystalline lens cauilng presbyopia has already base discussed. 

Msny studies of refractive changes have been made In private practice and some arc presented 
In Figure S. 7, but additional research is needed. 

Corrective Lenses 

Corrective lenses for military flying personnel are provided In the following forms: clear 
spectacle lenses in either a plastic or metal frame, neutral danalty aim gogglea with a 15 -percent 
transmission, and overslssd clear goggles with an anti- reflection costing for use In night flying. 

The use of contact lenses must also be considered In aviation, especially In military aviation. 

Spectacle lenses sirs universally used for ophthalmic correction in the Atr Force . They ere 
generally acceptable and perform sattefactorL'y tv. iv^st Ir — L; fly tsg psvsusncl. The major 
disadvantages of spectacles are (1) they cause physical discomfort when they arc worn tor long 
periods with * headset, (2) because of their bulk they interfere with the use of opt! cal Instruments, 

(3) they tend to fog, (4) they are relatively Insecure on the flics, especially during parachute drop 
and under high g-forcea, (5) they cause difficulty when worn under the riser of s high altitude suit, 

(6) they restrict the visual field, (7) they Integrate poorly with certain Items of personal equipment, 
such as helmets and oxygen masks, end (•) when their l e ns e s are of certain refractive powers, they 
cause aberration and distortion- which result In yt*na| and wise Hxesaisfi. 

When Correc tive Device S hould Be Worn . H the refractive error is such an to degrade visual 
scsityw!^ 35/Sv tor wihmCc, w u liUjiV Sfi n/tupT* ai uf wyeeujuM, a crew lu m ber stuvud wear 
a corrective device while flying. The moat difficult near ohterte to see nr? toatreif&Bt fices Bad. 
the printing nn *r»me chart* . Low illumination In the COCkptt Bad fatigue add !o ifef dUheulty. Cases 
o< presbyopia that are marginal for correction for ordinary raiding should be corrected for flying, 

Importance qa Wearing dpectacle a . Air Force Manual IOC 4 requires that aircrew members with 
visual acuity of 30/43 or lower (neither «ya must wear corrective lenses while flying. The many vlmal 

tasks of pilots such as target detection, the read- 
ing of a staggering number of panel Instruments, 
the use of optical aids and a wilding of collisions 
requires that they have clear, comfortable, 
binocular vis low at all times. H the maximum 
distance for d css type of 

aircraft is four miles If the pilot possesses 90/19 
visual acuity, 'visual acuity la rsAicsd to »/J0 
when the distance is only three miles; a further 
reduction in vta si acuity to 90/90 will shorten 
the distance to two miles. 


Other crew members wich as navigators, 
bombardiers, gunners, end flight engineer* whose 
duties are restricted to the us# of instrument 
dials, optical devices, charts, end radar instru- 
ments must have adequate visual acuity for near 
objects, as well as for distant objects for extended 
periods of time. 

Importance of Vertex Distance . II an ophthal- 
mic lenaTi prsacrlbedto w recta refractive 
error, II will do so only when the posterior surface 
le at the same distance Umt the teat lenses were 
placed when the eyes were refracted This distance, 
the d i sta n ce of the posterior surface of the lens 
1IVBS utvrhir surface of urn corses, is caned 
vertex distance . It la usually about 14 mlMmalers. 



Figure 6.7 Progression of Refractive Errors 
(data frpiji Brown, ^jjcklere, , , 
Clerk,"-" Jackson,"-*" Kltlesy, 
Sourasky®'** ) 



66 



The effective strength of a convex less is Increased by increasing the vertex distance; that of a 
concave lens is increased by decreasing the vertex distance. 

If th£ vertex distance is changed appreciably, especially when refractive errors are high, the 
retinal image will not be clear for the individual and there will be a lowering of visual acuity. 

It is therefore imperative that spectacles wdru by flying personnel be properly fitted to the face 
of the indtvtdoal and maintained in that position. If the corrective lens should be placed somewhere 
other than on the face of the individual/ such *.» in a visor or in an optical instrument, the amount of 
correction must be altered to correspond with the distance the lenses are moved. 

The majority of lenses today are ground in a meniscus form. That is, one surface is concave 
and the other convex, with the concave surface toward the eye . It was found that if the ocular surface 
were ground with a radius of approximately 87 millimeters, the visual rjds would remain perpendicu- 
lar to the lens surface during the rotary movements of the eye . The surface is therefore ground to 
that radius wherever practical; however, in some prescriptions where the refractive errors of ths 
two eyes differ considerably or a concave curvature of 87 mm. would produce a poor cosmetic lens, 
the radii of curvature of the concave surfaces are matched within limits and ground with radii of 
curvature that approximate those desired. 

When a change in corrective lenses is deemed necessary, the new lenses should be of the same 
or nearly the same concave curvature as the former lenses for best patient comfort. 

Contact Lenses 


Contact lenses, now being used in very limited numbers in the Air Force, find certain applica- 
tions to which spectacle lenses are not adaptable . The general advantages of contact lenses for air- 
crew personnel are: no supporting appliance is required, they have a minimal fogging problem, the 
bulk is negligible, distortion and aberration of lenses are eliminated, they are not easily dislodged 
from the face, and they are not readily broken. 


In certain crew positions in which continuous observation of optical and radar instruments is 
contact lenses offer certain additional advantages, the major one being the lack of an 
ophthalmic appliance in front of the eye; this advantagefs of great importance when the eye relief 
of the optics.', instrument is small. 


*l*o find uses under certain other conditions. These uses have very little appli- 

and they are mentioned here mainly so that the discus- 
8 „ «f^e»* lenses will be complete . These uses are: to correct for and arrest keratoconus (con : - 
< * >rnea >’ u * n ^ tel ?& d t bll 5 teral ****** (absence of the crystalline lens), and irrepilar 
astigmatism, to correct visual defects due to surface opacities of tee cornea and due to anisemetropia 
(great difference in refractive error between the eyes), and in certain other medical applications/ 

The £ U ?f lr ,^ 8€nt f 0 ™ P resent two ““lor objections for universal application. 

The first of these is tee limited wearing time. Before contact lenses can be widely used in aviation, 
personnel must be able to wear them for a length of time . * Touching that for spectacle lenses Two 
^nf« r i ChCr S.*i i ~ elr eva luation study, considered the best of tee contact lenses to be a fluidless, 
scleral [contact lens . The average wearing time was around seven hours in highly motivated individuals 
081 individuals the wearing time will be considerably less . The main source of irritation of a 
contact lens is the foreign body sensation; and, in some cases, lid irritation results. 


The second objection is the expense. In terms of both the cost of the lenses and the manhours 
expended in fitting, the expense is much greater than with spectacle lenses . The average time con- 
sumed In the fitting of a pair of Lacrilens contact lenses was eight and one-half hours and required 
about twelve office visits. This must be compared with about one hour and two office visits required 
for the utting of a pair of spectacle lenses . 

In the previously mentioned study, 5 -* 7 the average wearing tims for all contact lenses tested 
was approximately four hours, and certain types could not be tolerated at all. 

u ° ther disadvantages of contact lenses are: ( 1 ) they are more susceptible to scratching, 

(2) they are expensive to duplicate in both time and money, (3) fewer agencies produce teem, 

(4) they cannot be kept in stock levels, and (5) they offer no solution for presbyopia, especially 
when multifocal lenses are required. J 


of ^ 


For most Individuals* the disadvantages of 
sc IvmGcs In comrcr'wn with spectacles . 


present contact lenses far 


outweigh the aavantaees 


57 


IMPORTANCE OP 0JE ' r BROPBORIA AND HETERQTROP1A 


Since the earliest days of flying there tea teen ft greet internet In the effect of beteropborU on 
the ability to land aircraft. The finding of large amoeate U heteropborla on physical e*a mi nation tea 
led to the exclue ion front flying training of about 4 percent to IS percent of applying personnel. S-S®» 
S-$4> S-4i u tea also led to the removal (from flying} of trained pilote. There tee been a wide 
difference of opinion about the Importance of teteroptaoria in flying, and the a tender da that should 
exist . Present standards in ths Air Force are described la the section on Tieual ^andards, later in 
this chapter. 

Explanation of Heteroptwria 

Normally both eyes turn toward the object being viewed, so that ttw light falls from the object 
onto the fovaa of each eye. (The fovea la the retinal area haying the moat acute vision and Is in the 
center of the retinal field.) 
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Figure 5.S Normal Binocular Vision and ffeterotropht 

In normal binocular vision, eyes are rotated 
so that image of object in focus falls on fore* 

of each eye . With beterrtrmpla . Iffiijlr !•!*■ on 

fovea of only one eye, causing doubted image . 
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S th« Ci^CCt is h’-V-r. uuui CSS ojrej ust aye ui>y COuuum to !uu> t ufeari She etjiivt- inis Con- 
dition la termed orthophoria, and la pro sent In only a small percentage of Individuals . In moat indi- 
viduals when the object id hidden from one eye, that eye turns either in, out, up, or down. These 
situations are termed respectively esophorla, exopborla, hyperphoria (erf the eye from which the 
object is hidden), or hyperphoria (of the other eye) . Collectively they are called heterophorias . 

Thus, heterophoria exists when the extraocular muscles are so constructed and their enervation is 
such that the eyes deviate from parallelism when a stimulus for fusion is absent. When the structural 
deviation from parallelism is too great* or the stimulus to fuse the images from the two eyes is too 
weak, or both, one eye deviates from the' object even when it is not hidden . This condition is termed 
beter otropia , squint, strabismus, or crossed eyes. This is illustrated in Figure 5.8 la the deviating 
eye, the light from the object falls on the retina away from its center; therefore, the position of the 
object as seen by this eye seems to be different from the position as seen by the eye looking directly 
at the object. This is double vision or "diplopia." Usually, especially in younger individuals, vision 
is suppressed by the deviating eye after the beterotropia has existed for some months, and so double 
vision ceases. 

Reason for Interest in Heterophoria in Flying 

Heterophorias axe of interest in flying for four reason? . first, they may cause so-called eye 
fatigue, headaches, or other symptoms that are likely to interfere with the most efficient performance 
of flying dities. Second, the heterophoria may progress to u transient beterotropia when the individual 
is aibject to stress in tbs air, from such things as hypoxia, anxiety, fatigue, or high g-forces. The 
result here will be double vision. Third, the heterophoria may develop into a more or less permanent 
het6rotropia, perhaps causally unrelated to flying, nils first results in double vision, and then usually 
in suppression of vision in one eye; both of these symptoms are ordinarily incompatible with a continua- 
tion of flying. Fourth, heterophoria may Impair distance judgment in Landing operations . 

Therefore, individuals with large amounts of heterophoria are excluded from flying training 
because of the likelihood of one or more of the above events occurring. After personn*l are already 
trained, indications for removal from faring depend less on the amount of heterophoria .nan on whether 
symptoms have developed. These now should be considered in the light of the decrease in eyestrain, 
headaches, etc. — the flection is, does the annoyance from these symptoms reduce the over-all 
flying performance to an u n sat i sfactory level? If the symptoms are in the second category — transient 
double vision while under flying stress — the only decrease in flying performance that can result is 
from the double vision. If double vision occurs only rarely. It is not likely to be hazardous, provided 
he individual understands that he must promptly remove the double v. sion by closing one eye . Of 
c urse the question arises as to whether an individual so Indoctrinate a, who is having repeated attacks 
of diplopia in the air, will inform the flight surgeon of them. However, tmeriercc indicates that he 
is not likely tc conceal anything no alarming to him . In the third category, vhere the diplopia is of 
more than rare occurrence, tinder some conditions of flying stress, the individual can hope to con- 
tinue flying only if his beterotropia can be corrected by surgery. In the fourth category, the symptom 
ia a decrement in landing performance. The decision here should be based on landing perfor manc e 
and on the likelihood of the heterophoria' s getting worse . 

Effect of Heterophoria on Landing 

This fourth aspect of heterophoria, Its effect on landing performance, has been the chief reason 
for setting standards on heterophoria for flying personnel ancf for rejec'-ng or grounding because of 
heterophoria. Because theif has been the widest variation of opinion on the effect of heterophoria on 
landing, a more detailed discussion of this aspect of heterophoria is given in the following paragraphs. 
Since heterophoria ordinarily does not change greatly In an individual over the years, the Important 
problem la the effect of a static heterophoria on landing. It will be discussed first from the theoreti- 
cal standpoint and then from the standpoint c f the experience of Individuals who have flown with Large 
amounts of heterophoria. 


Theoretical Considerations 

The reasoning for putting a limit on the amount of heterophoria that can be permitted has be* ,1 
<* :i I'.’lov/s: high heterophoria la associated with poor fusion, poor iinton results in poor stereopoir.. 
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and poor stereopsis., results.in poor distance judgment in landing aircraft.* This logic br». aks dow.i in 
two places: V 

First, a high beterophoria is not associated with poor fusion. In fact, in those heterophonas 
that have asver progressed to heterotropia, just the reverse could be expected; that is, the fact that 
there is a high heteropboria demonstrates that. fusion is good enough for the eyes to overcome a large 
structural deviation (though it is true 'hat a nigh beterophoria is more likely to progress to a hetero- 
tropia, because of the large deviation). A more accurate measure of the fusionaJ ability is the latent 
deviation plus the deviation in the opposite direction that can be produced by a prism vergence test. 
Therefore, the finding of high beterophoria alone does not indicate poor fusion. 

The second place in which the logic breaks down is in the relation of stereopsis to ability to 
land aircraft. Poor stereopsis does not always result in poor distance judgment in landing aircraft, 
at least on prepared runways. As pointed out in Chapter 8 , in the section on Distance Judgment, 
stereopsis is only one of many cues used. It is not helpful beyond a certain distance; in fact, over 
the nose of the aircraft the distance from pilot to ground is tec great for effective stereoscopic vision 
until the beginning of flareout, and by this time other cues may be more efficient. 

Experience 

In numerous studies of the relation of heterophoria to success in landing aircraft, very little 
positive correlation has been found between the two. One study 5- 25 has shown that stereopsis is used 
in forced landings, but not in normal landings on prepared runways. However, the importance of 
heteropboria even here.ls doubtful, because other studies ^”28, 5-32 have shown chat there is little or 
bo relationship between heteropboria and stereopsis. Some of the early studies were considered to 
show a definite relationship between heterophoria and Hie ability to land aircraft, but the controls in 
these studies were poor or lacking. More recently it was shown!*-*'* u-45, 5-47 that there was no 
relation between heterophoria and progress in learning to fly. Also, little correlation has been found 
between performance in the Howard-Dolxnan diBta**c» W!gmer' test aod landing abilityJ>"26 in two 
studies, there was no correlation between the hetexopborias at distance and landing success.5-44, 

5-45 However, excessive convergence for near objects, or hyperphoria for near objects, did appear 
ir. a slightly larger percentage of those who failed in flying? *27 These ocular findings could have 
affected the performance of cockpit duties, and this, rather than landing distance judgment, could 
have accounted for the difference in flying success — if the difference was significant. High cor- 
relation has been found between basic visual acuity and acuity of stereopsis? *36 However, if the 
personnel have goad basic acuity, which 1 s a well established visual requirement, there ordinarily 
need be little concern for stereoscopic acuity. 

Effect of Flying Stresses on Heterophoria 

Hypoxia has been found to have a definite effect in changing heterophorias?"24, 5-37, 5-38, 

5-39, 5-43, 5-48, 5-48, 5-49, 5-50 30 has hypoxia plus fatigue?*29, 5-31, 5-42 The effect is to in- 
crease exophoria and to decrease esophoria. However, hypoxia has been found to have no effect on 
stereopsisP*33, 5-35 With the onset of hypoxia, other deficiencies, such as defective judgment, 
arise that are more serious than heterophoria or heterotropia; thus, the possible effects of hypoxia 
should not affect heterophoria standards. In the Air Force of one country where the matter was in- 
vestigated, there apparently was not a single case of trouble due to heterophoria during periods of 
hypoxia during World War A. It is well known that anxiety, fatigue, and g-forccs cause some hetero- 
phorii* to progress to a heterotropia. These are the three principal causes for the transient diplopia 
teat occasionally occurs during flight. Of these causes, fatigue is more important because the di- 
plopia is of longer duration, so that it includes the landing period. Some pilots have observed di- 
plopia only after a fatiguing flight, and prior to landing; however, it is interesting to note that the 
cases that have come to attention landed successfully, 

T roatment of Heterophoria 

In improving heterophoria, orthoptic treatments are of some va tee in some cases under some 
r ■i.-diii.ms. The treatments are difficult and time consuming, and they have to be intensive to be of 


*•;»< i Mfl other factors in distance judgment are discussed in Chapter B. 
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my value*. In A case that Is wavering between heterophorla and a transient heterotropia, the outcome 
depends more on the amount and kind of heterophorla and the fuslonal ability than it does on the orth- 
optic treatments that may be given. Thla opinion is widely held by thoae specialists most oxperleived 
in giving orthoptic treatmenta. These considerations rule out the practical value of orthoptic treat- 
ments for military aviators except In salvaging a few trained personnel who are having symptoms 
from their heterophorla, anl in whom the cI.-wiibUhccb awm to Justify the effort. Surgical correc- 
tion is more certain and less time consuming, and has salvaged aome personnel?^ 

Conclusions alxnu Heterophorla 

Heterophorla test standards are Important chiefly in selecting personnel for flying training 
rather than in determining flying competence of trained personnel. For the latter, the question to be 
considered is v/hether the heterophorla is causing an unacceptable ey —drain or diplopia, is progress- 
ing (o a heten fropla, or is causing a decrement in landing performance. Present heterophorla se- 
lection standards appear fairly reasonable, but they may be higher than necessary ior the highest 
applicant-selectee ratios, and they are probAbly higher than necessary for the lower applicant- 
selectee ratios that have prevailed. The measurement of dissociation in heterophorla la a direct 
rather than inverse measure of fusional ability, but only tn the extent erf the dissociation. Prism 
vergence tests, in the opposite direction, using the dissociated position as a base line, are the tests 
of totai fuslonal ability. Predictions of the llkeliht od of eyestrain symptoms or heierotropia should 
be based cm both the dissociated position and on total fuslonal ability. Further Studies of the incidence 
of eyestrain and hetemtmni* symptoms, according to dissociated pr-nSthn-a »ml f-umnni 
— ■ — J mat wcuia permit more a- . male selection fot flying (raining. 

VISUAL STANDARDS FOR FLYING ffi U.S. AiR FUKCEa-u* 

in ine 17. S. Air Fore- minimum visual standards have in-cn i-»la blight'd for inr ioitowtng 
classes of personnel: 


Class i Flying training 


IA Observer 


II Personnel In primary control of aircraft in unrestricted capacity and 

observers whose aunej require maximum vi®”-' caoabllity 

TIT Personnel not sr. primary coiil r O’, u! aircraft (pilots in special 

category and nonra'sd personnel such as medical personnel and 
flight engineers) 


As of May, 1857. ihc standards were as described below. 


Minimum Visual Acufly 


Class : 

1 

IA 

II 

III 

• 


Distance Acuity 



b'nrorrecied 

20 20 fnrli eye 

20/50 each eye 

20 50 each eye 

20, 200 each eye 

Cor reeled 


20 20 each eye 

20 20 each eyr 

20 20 one cyc 
?,0 30 other eye 



Ner r Acuity 



L'ncorret led 

20- 20 earb eye 

20 20 each eye 

20 f>0 rarli rye 

Vo limits 

C : reeled 



20 20 earh eye 

20 20 one eye 
20 30 oilier rye 


r.i 


A c e o ui mo datl? t Pi'/wer 

The near point — the nearest point at which the individual can see objects distinctly when using 
maximum accommodation -- must be aa close as or closer than that corresponding to the following 
accommodative power: 


Claw: 

1 

IA 

n 

HI 

Accommodative 

Minimum for 

Mean for 

Minimum for 

(No standard) 

Power; 

age 

age 

age 



Minimum and mean accommodative powers for age, In diopters, are as follows: 


Age 

Minimum for age 

Normal mean for age 

17 

8.8 

11.8 

18 

8.8 

11.6 

18 

8.4 

11.4 

20 

8.1 

11.1 

21 

7.9 

in u 

22 

7.7 

10.7 

23 

7.5 

iii.u 

24 

7.2 

? 0.2 

25 

6.8 

8.8 

26 

6.7 

8.7 

27 

6.5 

8.5 

28 

6.2 

8.2 

20 

6.0 

8.0 

30 

5.7 

8,7 

31 

5.4 

8.4 

32 

5.1 

8.1 

33 

4.8 

7.3 

34 

4.6 

7.H 

35 

4,3 

7.3 

36 

4.0 

7.0 

37 

3.7 

6.7 

38 

3.4 

6.4 

38 

3.1 

6.1 
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Age 

Minimum for age 

Normal mean to 

£ 

40 

2.8 

5.8 

-f- 

41 

2.4 

5 4 


42 

2.0 

5.0 


43 

1.8 

4.5 

K4fc 

44 

1.0 

4.0 


45 

.6 

3.6 

"V 

Maximum Allowable Refractive Error 




Clans 1 

Class IA, 11, ID 


Total Hyperopia 

1.75 diopters in any 




meridian 

(No standards) 


Total Myopia 

0.25 diopter In any 
meridian 


--jt 


n 4K <4 Iftnlnv 



„ Color Vision 

_ Class ! »sd !A m a atrsais allowable srrsrs: 

Failure to reart correctly 4 of the 14 teat charts of the standard coin? vision !*■«• »«t or 3 
of the 17 teal plates of the American Optical Company abridged pseudo- isochroinatlc plates. 

Class U and 1U 

As In Class I and 1A unless a score of 60 or better Is made uBing the color threshold tester 
(grade 1). 

Nigl.-t Vision 

Teat done only U night vision deficiency Is Euspected. 

Class I, IA, U, and III for rated air crewmen only: 

nead Landolt ring in radium-plague night vision tests, 4 out of 4 or 8 out of 10 typos cor- 
rectly at 6 feet after 30 minutes adaptation. 

Field of Vision 

Class I and IA 

Field tor form in any meridian must be uiwitmr. 15 degrees of the normal mean (see below). 
Musi have no scotoma other than that due to the entry of the optic nerve. 

Normal Field for Form (Right Eye) 



J L 




-1 

t 

1 

i 

i 

i 

i 
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Class U and m 


Same as for I and 1A except may have an inactive pathological scotoma If It will not Interfere 
with flying efficiency. 

Ocular Movement and Interocular Coordination 

Eyes must be movable to normal limit* In all meridians. No heterotropla, suppression ol 
vision from one eye, or diplopia permissible. Other maxima fur heterophorla and point of 
convergence are: 


Gass: 

Esophorla 
Exophorla 
Hyperphoria 
Point of convergence 


Maximum Allowable 
i l ia n 

10 prism diopters 10 prism diopters 

5 5 

1 1 - 1/2 
70 mm 70 mm 


in 

No standards 


Depth Perception 

No error in group B, C or D using the machine vision tester or no error In presenti'in: 
using- the %'erhtieii depth perception apparatus. Average error of SO mm or less using Ho’-var 

Sulnuui apparatus. 

Special Requirements for Certain Personnel 

Refueling Operator 

Visual Acuity (both near and distant): corrected to 30/20 

Depth PertepSlun: no errors on machine vision tester or Verhoefl apparatus: average 

error of 30 wm or teas on Howard -Dorman apparatus 


Air Traffic Control Operator (Ciass lij and Radar Operator (not including those on air crew 
or in air traffic control): 

Distance Visual Acuity: corrected to 20/20 

Accommodation: near polnl corresponding to normal mean accommodation for age 

Heterophorla: same as for Gass f 

Nlghl Vision: normal 
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CHAPTER 6 


THE VISUAL FIELD 


The ability to see and identify an object depends in part on what part of the retina the image 
falls. It is therefore important both in visual research and in dealing with practical problems to con- 
sider whether the object will be in the center of the visual field (so that the image falls on the fovea) 
or to what extent it will be away from the center. Charts of the visual field -- the part of space that 
can be seen without moving head or eyes — abe used for locating objects in terms of degrees from the 
line of sight (i.e., from foveal vision) and in terms of degrees from a horizontal radius or other ref- 
erence line. 

The monocular field (for one-eyed vision) is limited by (a) the rr tractive power and physical 
arrangement of the cornea, lens and retina and (b) the nose, cheeks, and other facial structures. It 
varies from some 104 degrees from the line of sight on the temporal side (i.e., toward the temples) 
to some 60 degrees or 70 dsgrees on the nual side. The monocular fields of the two eyes overlap 
to form a binocular field. The visual field can be extended by eye movements, head movements, 
and body movements. 

If an observer fixates a point (i.e., keeps his central vision on it), his ability to discern detail 
or colo-, his brightness sensitivity, or some other type of visual performance can be determined as 
a function of the location of a test object in the visual field. If all the points in the visual field when 
a given level of visual performance is attained (e.g., the ability just to discern a small detail) are 
plotted on a chart of the visual field, they form an irregular ring around the center of vision. For 
most types of performance, lines for decreasingly good performance are found at increasing dis- 
tances from the center of vision, but the ability to respond to low illumination (i.e., rod vision) 
increases for some distance toward the periphery. 

DEFINITION 

The term visual field, as used here, is defined as that part of space that can be seen when the 
head and eyes are motionless. The visual field in normal two-eyed vision is the bi nocular field ; 
he field of a single eye is the monocular or uniocular field. 

POSITIONS IN THE VISUAL FIELD 

When a person is looking directly at a point, he is using his foveal, or central, vision (see 
Chapter 3). He is said to be fixating the point, and the point may be considered a fixation point . The 
fixation point lies on the visual axis, or line of sight; this point and any other object on the visual 
axis appears at the exact center of the visual field. The position of any other point in the visual 
field can then be given as an angle between the visual axis and a line between that point and the eye. 
This angle is the eccentricity angle -- the angle bj which the point is off-center in the visual field. 

The eccentricity angle, then, Indicates the distance of any point In the vlBual field from the 
center. On charts of the visual field, circles of equal eccentricity are generally drawn about the 
fixation point as guides (see Fig. 6.1). 

For precisely specifying the d irection of a point from the center of the visual field, a ref- 
erence radius is arbitrarily designated as zero degrees. The direction of a point in the visual field 
can then be given as the angle between the reference radius and a line connecting the point and the 
center of the visual field. It is customary to provide equally spaced radial reference lines on charts 
of the visual field (see Fig. 6.1). The line selected as the zero-degrees reference radius varies 
with different charts. 

To locate a point in the visual field, then, we specify its eccentricity and its direction in degrees 
Far example, point A in Figure 6.1 lies 20 degrees out in the field and 300 degrees from the reference 
radius. Point B lies 40 degrees out and 150 degrees from the reference radius (or 30 degrees above 
the horizontal in the upper left quadrant of the field). 
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Flyura C.l Locating Point# on ■ Chart of tfc* Figure 4.2 Diagram Showing Haw Object on One 
VtraU Field of the Left Bye BOH a? Visual r.sW 1WW.. *««» «* Hte 

Other aide cx the Kotina 
(Right Bye ia ffiiown) 

The direction from toe center of a visual field ie aleo often given sa up. down. sasaL or tss^-ei 
Haaal Ui 3= === --s' tss visual nela toward Qw viewer’s nose and temporal to the half toward 

his te— .plf The nrnt are limited to a monocular Hold. Obviously, the nasal {Stt of the field ia to 
the rtjtrt te the left #« ted *o ter left is tn£ right eye, and the temporal half la to the left In the left 
eye ajkl to the rteht in the right aye. Since tee iieM in Figure 4.1 la for a left eye (aa shown by the 
location of the fctind spot), paint C could be located generally aa "40 degree# no the temporal aide” 
or precisely as "40 degrees out end 30 degreea above the horlaontal in the Upper temporal quadrant." 

The terma neeel and temporal are aleo ueed to describe positions on the retina of the eye; the 
temporul ratten te (be aide toward the temple, and the Meal retina ia Ute aide toward the noee. Note, 
howev«7 tteTtu object In the nasal field will be Imaged on the temporal retina, and an abject In the 
temporal field WU1 as Imaged on the sisal retina, because Ught rays croas the visual •*<*. Is 
Figure 5.3, for essayds, the object lies *0 degreee from the Visual axis In tit” n asal field, but lte 
Image Is 30 dagrawn from the visual axis ca the temporal retina , Similarly, an object t£at ia up In 
flit vteud field will be dawn on the retina. Therefore, wben a direction le specified, the render 
should tie careful to note whether the author is talking about the object in the vieunl field or its Image 
on the refine. 


VISUAL ANCLE AND OBJECT SIZE 

Dimension of objects, like distances from the visual axle, are often expressed ;;j terms «' 
visual angle — the angle the object subtend* at the eye. Obviously, the farther the object le from 
the eye, the smaller Cm Usual angle that it subtends; to convert object alas Into degreee and minutes 
of visual angle, lte distance aa well M Its sies kju* 1 be known. As • . example, an angle of one degree 
ia subtended by nun object 0,31 Inch long at a dtetanca of a foot; al a distance of one mile, the eame 
angle la subte n ded by an object 92.4 feet long. 

LFJM1TS Or THK VUUAL FIELD 


The vleual field le limited by the dimension 0 of the functional retina, the shape of Use cornea 
and still further by none, eyebrows, cheek bonon, and other etructurea of tee face. 

Monocular Field 

First, consider the boundaries cf tee fia'd of a single eye al reel. Because the cornea bulges, 

8 light from somewhat "atwfl the beam” will etrl te It. Furthermore, light as much as 104 degrees from 

i the optical axle will be i directed enough by tee tomes *jyf ten * to ctr.xc a sensitive put eg me retina 

(Ft*. 5.3J. (7m* angle varies with tee location if retinal receptors anuxyt Individuals.) On a field- 
ed- vision chart, -Ike that In Figure 6,1, this 104-degree limit would appear as a circle of 104 degrees 
radium, with Its center at the fixation point of kho eye. 
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Figure 6.3 How Light 104 Degrees From • 
Optical Axis is Refracted to Strike Retina 
(after Pirenne6-4, Fig. 17) 
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Figure 6.4 Average Monocular Visual 
Field (Right Eye) (after Fulton6-2 > 
Fig. 269) 


However, light cannot reach the eye from 
an angle of 104 degrees in many directions. The 
brows cut off light at about 50 degrees in the 
upper field; the nose forms an irregular bar- 
ricade at 60 to 70 degrees in the nasal field; and 
the cheek cuts the lower field at about 80 degrees 
from the optical axis. In summary, the limits 
of the monocular field of vision are irregular, 
and they vary with the facial contours and loca- 
tion of retinal receptors al individuals. The 
outline of the average monocular field is shown 
in Figure 6.4. 

Binocular Field 

When both eyes fixate the same point, their 
visual fields overlap a great deal in the center. 

This area of overlap — of true binocular vision -- 
is shown in Figure 6.5. 

Obstructions close to the eye oaa sharply 
reduce the area of binocular vision. The loss of 
visual field must be considered in designing op- 
tical equipment and any other equipment that will 
be located close to the face. 

Effect of Eye and Head Movements 

In the foregoing discussion it was assumed 
that eyes and head were at rest. When the eyes 
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Figure 6.5 Binocular Visual Field 
(from IXike-EIdcr 6 " 1 , Ftg. 931) 

The fields of the two eyes over- 
lap in the white area. 


Only on the temporal side does the 
Held extend to the limit set by the 
eye's refracting powers. 
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j are "otated, vision la extended behind 1M de- 
» grm >om straight ahead where facial contours 
f do not get In the way. Head and body movements 
7 can extend vision through 360 degrees In all 
f planes. For these reasons, we do not usually pay 
'• much attention to the limits of our visual field. 
However, these limits, together with the relative 
sensitivity a t various parts at the retina, are of 
major Importance In aircraft; a pilot must often 
become aware of another aircraft, a warning sig- 
nal, or an object on the ground when he is fixating, 
for example, a target or flight Instrument. 

Table 6.1 presents data on the average an- 
gular 11ml u- of the peripheral field of vision 
and nf the range of fixation for five conditions of 
head and eye movement ranging from maximum 
movement to none. These values a re based on tesla 
_ with the Fer r ee-Rand perimeter (perimeters are 

J described in a later paragraph}. A whits mark 
“ “"“'rtfHrc zr.z iz grcc -iu, ustu. 

it woe placed on a black background, with 91 

font <-mull<k| «# Ultmwt wWfy 
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Secticn (a; ef the table, which gives values for essy and natural head and eye movements, is of 
pari cular interest. Under these conditions, tbs total region visible to e two-eyed man cncomnassaa 
par-rent cl ihc surruundhifc *»pi««r*». hioreover, oj using maximum head and eye movement — i.e., 
without moving his body — a person can fixate aa object seen anywhere in the peripheral field by 
moderate head and eye movements; In most regions he can fixate the object with both eyes. 

LOCATING OBJECTS IN THE VISUAL FIELD FGH TESTS OF VISUAL FUNCTIONS 


Visual performance varies with the location of the image cm the retina, and hence with the 
location at the object in the visual field. Therefore, In measuring such visual functions an sensitivity 
to brightness or ability to dee**! in object rr to judge its shsps a sist, the light ur objoci being used 
for the test must be pieced a known distance from the visual axis. Usually, a fixation point is provided, 
and the stimulus Is placed a specified number of degrees from it. To test various positions In the 
field, either the stimulus or the fixation point may be moved, 

Sometimes the stimulus is placed on a curved track, the center of curvature being located at 
the observer's eye. Eccentricity is obtained by moving the stimulus to the desired position on the 
track, direction by rotating the track to the desired angle. Devices of this sort are called perimeters 
{Fig. 6.6). Tangent screens are often used for central fields. 


When tests of visual performance in various pnria of the visual field are made, it Is usually 
found that the ability to perform a certain visual task to set a detail of a certain size (visual 
acuity), to respond to a certain leve. ctf brightitecs, or to Identify a color or distinguish between two 
colors, far example — decreases (or In some cases Increases) with distance from the center of the 
visual iisiti. If all the points at which a minimum, or threshold, level of performance can be attained 
are plotted on a chart U the visual field, they thus form t ring, usually rather Irregular, around the 
ceutcr of vision. If points arc similarly plotted for successively higher levels of performance, the 
result is a series of roughly conc entri c rings. For visual acuity, the ability to discern detail, such 
lines of equal performance are called laoptecs . 

The a'dllty to discern an object In the peripheral field (i.e., outside of foveal vision) is, as 
would be w 'we ted, a Junction of angle subtended and distance from the line of sight. U i* aieo influ- 
enced by (a the absolute brightness of the object, (b) the brightness contrast of the object with its 
(c) cuiur and color outran , (d; movement, and (e) the duration r i exposure. 

ft can be seen that charts at '.copters can be very useful In solving problems of design end 
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Ucilc* Involving vlaion. For example, they cut help an engineer determine the else, (Humiliation, 
color, and location erf an in»trument that muat be placed outeide the central gro**? of flight tostra- 
mentai tad they can help one predict thn distance at which a pitot will ■** another aircraft coating 
in from the aide while he it Inniciiip straight ahead. 

Visual Acuity* 

Figure 6.7 mape the relative acuity (ability to im detail} lor go* -eyed day U me vie loo la van- 
oue parts of the vieual field. The heat vlelon u within e small ring at the very canter of the field. 
Under favorable conditions, thresholds of lea* than one -half minute cf arc have been found in thi* 
area. The figures on the larger ring! show how many times larger an object must be to be eeen 
clearly at that position than to be seen at the canter of the field, ft it readily eeen that under day- 
light condition* visual acuity gate rapidly wore* as an object prog reeeee In nay direction from the 
center toward the edge of the field. At 6 degree s to 10 degree* out, an object muat be about twice as 
large to be eeen as one In the central area; at 20 degrees to 50 degrees out, It must be about tsn times 
as largo, etc. 
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Figure 6.7 Monocular Daylight Acuity Relative to Central Acuity 
(after Duke-ElderS-l) 


Brightness Sensitivity 

DUfer era parts of the eye are almost equally ■ e nsiti vs to light at daylight levels of lltundaetiofl, 
a light seen out of (he corner of ibe eye will look just as bright as when It is s e en with central rteton. 
This la not true, however, at night levels of Ill uminati o n . At night, the center of the ape (the pert used 


‘The following discussion is based cm materia! is Human Factor* in the Dwrtci cf Qua r termaster 
Eq uipme nt prepared by IneL lor Appl. Ktp. Peycbol., TOftfl University; for the OOlea of the Quarter- 
master Dereral, Sept, 1953. 
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moct in day lift*) cannot m« vary dim lights. But as w* go out from the canter, the ey« becomes 
morn and non sensitive to dim light. Jn otlier words, 1*1* and Mbs tight It required to eat an object 
(Hat Fig, 6,8). Tht ejrt mat best in the rone 10 to SO degrees loom the center of the visual field 
out In felmodt any direction. For specifically one-eyed vision, m in the os* of some periscopes 
or telescope^ the portion of thie zone lying on the nasal field aide of fixation la the most effective, 
Blade the temporal field is broken between 11 and SO degrees by the blind spot. Thus, dim lights 
are bsat seen at night by looking slightly to the left of an abject with the left eye or to the right 
of an object with the right eye. 
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Figure 6.8 A Map of Sensitivity to Light for the Visual Field of the Dark Adapted 
Right Rye (after Rinrielie fc Bevanp-f* Fig 2) 

As explained in Chapter 3, this phenomenon is due to the distribution of rods and cones in the 
retina, the rorta, away from the fovea, being c^re light-sensitive toon the cones. 

Note Uwt this is one case in vdiich lscpters for increasingly good performance occur outward 
from central vision. 

Color YUioct 

Tlte color of an object varies with its position In the visual field. At moderate levels oi lilusni- 
aaltoo, all colon appear as grays at the extreme edges of the field. A little farther in, a blue or 
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yellow can be recognized, but only at positions near the center of the visual field can a red or green 
be observed, \s you can see in Figure 6.9, there is a fairly restricted region in the center of the 
field of vision where all colors are seen. Surrounding this sous is a second area in which no rod 
or green is visible as such, but where blue and yellow can l>e recognised. Even blue and yellow fall 
toward the extreme edges Df the field. 
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Outside the ring for a given color, an object reflecting that color wilt appear gray. 
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CHAPTER 7 


PURPOSES AND PRINCIPLES OF PSYCHOPHYSICS 


Psyehophralcal tests Involve the measurement of people '» rasa owe ia terme of the stimuli 
producing them. A» In aiuy types of scientific research, the t«^ImI3ar usually tries to manipu- 
late only one variable, keeping the othera constant. Because at li » many varlablee that can Influence 
a test, a number or jw^Hisnts at response are usually obtained. Thj esspwrlsnsntor then gets a range 
of values, a mean, or the deviation from the mean. By methods derived from common statistical 
practices, ha can determine whether difference* are statistically significant -- whether they are due 
to chince alone or to hla manipulating a variable. 

Psychophysical method* are used for the following purposes; (1) experimental, to determine 
how a chang* In a stimulus affects response; (1) normative, to detar mine bow the vision of an Indi- 
vidual varies from normal vision In one or more aspects; (3) measurement of the stimulus, to 
measure a physical characteristic of an unkn ow n stimulus by compering it with stimuli whose 
physical characteristics are known; (4) measurement at sensation, to derive a scale of values for 
sensation by such a prbewfare as reporting when a sensation a p pears to have halved or doubled as 
physical characteristics of the stimulus are changed. I 

.ii« ce raider auapse juuffmcasa ts s nagsa one are ine easiest Vu uuu^erw to a vUmulue value, 
observer* are often asked to state whan they can fir *4 see an object (absolute threshold), when they i 

css first iiwei a dtifwwuS imt*«n sSteuti tmne re nmai threaaotoj, or when two stimuli are equal. I 

Host peyrhophyatoai mafhnrja are based or; four "classics! sistiicds"; (!) Method of average 
error -- stimuli ira r— nlpnlitrrl until o b s erver can state they are eaefti or make some other i»~.idve 
JoOftuieoi. Although this is a rapid mrtnod, unwanted vanablw may decrease accuracy more In this 
method than in othera. (2) Method of limits — stimuli are presented ia both Increasing and decreas- 
ing values; observer reports when he can Just see, when he can first not see, or when two stimuli 

are equal. Errors may be caused by tendency to persist In one Judgment, anticipation, ha b i tu a t ion, ! 

or by tendency to change Judgments too soon. 0) Method of co n s t an t stimuli -- stimulus values are i 

presented at random; o b servur Judges whether he can see the stimulus or whether It Is equal to a 

standard. This la a reliable method, but rather time -consuming. (4) Method of pci red comparison -- 

stimuli are presented in pairs vntl! observer has Judged whether each one Is greater or less than 

every other one. TM* wfet»ri!j Jsterajg es Ss enter of msgattssts, 

BASIC PRINCIPLES IN PSYCHOPm'SICAL METHODS 

la Chapter 2 ws brought out that In psycfcnshysieai measurement* I" photometry thennobaer- 
vable responivv of an Indivldnal are measured In terms of the stimulus producing them; that is, light 
transmitted by the stimulus — usually the Intensity or luminance at the eource. 

Obviously the amount of light Is not the only characteristic of the stimulus that affects the 
response. A person's ability to detect and Identify an object may depend on, for enmplo, the object’s 
else, shape, velocity, distance, color, position In the visual field, or any combination of these factors, 
it 1 b therefore not uncommon for visual performance to be evaluated In such unite as mile* per hour 
of the stimulus, or trlstlmulus colorimetric values, or angle subtended at the eye. 

At thla point, those not well versed In visual science will want to know bow the characteristics 
at the stimulus are varied to test visual performance, and what 1 * found out by doing this. 

Thai Is what we are geiu* to cipjfiln In tela chapter. 

Before we go Into detail, we bring up two general points that are basic to visual research. 

We will usually manipulate only one variable at a time, keeping the othera constant This is not 
always easy to do; a great many variable* affect visual performance, and it la sr-’actimee hard to 
krop iuSuicu uiiw truui u rea p i n g ip iv Uwt in* jnavuLa i* an experiment iven wnere great care Is 
u*t«f to Veep to* physical cfstracterlstlcs of tee stimulus constant, the sxpsrlmen'. may be affected by 
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the characteristics o. the person betas tested - the "subiecV' as he ls * h ° 

ove visloa or excepUoaaUy good trUloa, or he may ha.e pr, avtaja ( oxpe, ri< ■aceiam* 1 ^ S,XTto 

required in the test. He may achieve results that would he misleading if ^ s 

normal vision. Memorizing the eye chart 18 by 

experience, but even an honest subject may be aided by baring token similar 

having practiced the same type oT visual performance in his trade. CVe may set o^de^at ly ^ 
find out whether experience improves visual performance of one sort or anotaer. Expe 
variable; other conditions are held constant.) 

Because visual Derformancn varies among individuals, a number of subiect" '”' p 
Because the performance of one individual varies, each subject is often tested a 
Sometimes several hundred Individual judgments are obtained in one test. One thus fmds himself 
with a spread of numerical values of some characteristic of the stimulus, related to the spread 
between the best and worst visual performances among the subjects. He will then us ^ d 

derive from this spread of values a single value or a maximum and minimum that will be best suite 

to the purposes of the experiment. 

The results may be exprescad simply as a r ange from lowest to highest score. ™”ange ^ eS 
not tell much about how the majority of persons will score, but it is useful when the extreme limits 
of performance are important. Suppose, for example, that pilots are being used “ . 

experiment to decide how big the numbers should be on an altimeter. (This would be a test of visual 
acuity - ability to make out detail.) If all the pilots meet U. S. Air Force vision requirements, and 
all wiU have to use the altimeter, the letters will have to be designed so that the one with the worst 
score can read it. Here, the range — or at least the low end of die ran?” — is more important than 
the average. 


Cften, though not always, scores in tests form a normal distribution curve whose general shape 
is Hi™* th=»t in Figure 7.1; the scores obtained tend to cluster somewhere near the middle score, while 
above and below the middle the "umber of scores falls off in such a way as to form the fairly smooth 
curve symmetrical on both sides. 


The arithmetical mean, which is what the word average means, is the sum of all the scores 
divided by the number of scores. The median is the score above which 50 peree.it of the scores fall 
and below which 50 percent fall. Therefore, the average is greatly affected by deviant scores while 
the median is not, so that the median will be more realistic than the mean in cases in which one or 
two abnormally high or low scores would make the average considerably higher or lower than most 
of the individual scores. The mode is the actual score that occurs most frequently of all the scores 
It is influenced too much by chance fluctuations to be of great use. 


In the distribution curve shown in Figure 7.1, the mean, median and mode all fall very close 
together. If the distribution were perfectly normal they would fall at exactly the same place. 

Sometimes scores will pile up at one or the other end of a distribution instead of the middle and 
a skewed distribution results. If the scores pile up at the left end and tail down toward the right, the 
distribution is positively skewed and the median and mean will separate with the median closer to the 
left end of the distribution than the mean. If the scores pile up at the right end and tail off toward the 
left the distribution ls negatively skewed and the median falls farther to the right than the mean. 


When the distribution is normal and symmetrical ihe standard deviation (SD) is often used to 
describe the variability of the scores.lt is a difference from the mean, and it is defined as: 

SD =l) S E2 

. } N 

where 

E = deviation of individual Bcore from the mean 
N = total number of scores 

There are, of course, SDs above and below the mean. On the normal distribution curve 6b 26 percent 
of die total scores fall between the -1SD and +1SD. The SDs thus indicate Ihe range of scores 
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achieved in about two -thirds o i the individual tests, It the scores are spread out, then B B S , and 
hence the £10, will have a high value; this will Indicate that many subjects have nnu.li higher or lower 
scares than the mean, and the mean is net a good basis for predicting an Individual performance. 
Sometimes the middle 50 percent at scores is considered. The deviation from the mean i~ zz. h sr.d 
of this middle group la lees than a and -1SD and it la called probable error (PB). Pit - 0.6745 80 on 
a normal distribution curve. 



Figu re 7. 1 Dial r D»jf ion at Scores Approximately Folir/wing 

Normal Distribution Curve 


The shaded area represents the actual data; the smoothed 
curve la obtained mathematical!!' from the data. 

Nate that the normal distribution curve a. id the etandard deviation and probable error are not 
theoretical concepts. They are baaed on an actual distribution pattern of scores that happens to 
repeal Itself In a great many psychological (and biological) teats. They are useful only far results 
that fit that distribution pattern; for other patterns, they loss their value, although they apply only to 
tests In which a great many scores are obtained, either through repeated tests of a few Individuals or 
testa of a great many Individuals. There are powerful "Small Sample" Statistics available for use. 

So far, we have considered only the a cores obtained in a test under one set of condUtcus. Ji the 
experimenter now changes a variable and repeats the tests, he may get a cUffei snt average (ot 
standard deviation, PK, or median). The question now is, ts the difference <h»a to chance or la It due 
to the change In the variable? The answer depends both on the variability of scores within each teat 
and the difference between the two averages. By standard statistical methods (see any textbook on 
statistics for CH and t-tests), a critical ratio (CRj is obtained. If CTt Is three or more, the chances 
are better then M.B65 In 100 that (he difference could not be obtained by chance. The difference Is 
therefore hi jtistically atolf leant. For small groups, or where variables other than the oat tea tod 
cannot be \ ontrolled rigidly, more caution must be used In deciding what is statistically »igniflcant, 
and different calculations are often used. 

Correlation Is imjXntiul »um testing to find out tf mere is a tie-in between different types U 
performance. Par example, we may want to know if a man able to detect objects under low 
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llhialnttlon la also tOedy to be good at recognising details at long dlstsneee, By taking the average 
■core* of the Ugh scorers In a detectiaa teat and comparing than with the average score of the Mae 
persona In a visual acuity teat, a coafflcfewt of correlation Is calculated. It may be anywhere from 
-1.00 to *1.00; a value dose to *1.00 means that those who do well in one type of performance will do 
well in the other. A valoe close to -1,00 means that the rewee le true; those who do well In one can 
be expected to do badly In tha other. A value close to 0.00 manna there le no particular connection 
between the two types of ability. 

PURPOSES OF PSYCHOPHYSICAL TESTS 


Now iw we have reviewed eoma or the Mate la luce in visual testing, let ua consicer tne 
purposes of visual testa by psychophysical methods. 

Experimental 


Moat of the data we cite tn this book was arrived at by psychophysical methods used lor 
experimental purposes. Doee a change la a characteristic of the stimulus cause a change In the 
observer's response? How does it change It? Done a change In radiant energy emitted by a point 
enures cause a change In the eenoatton of brightness? B It does, hoar much of a change? Does a 
change In the color of an airman' a life raft make it aaiiar to sue against a sea of a given color under 
average daylight Illumination ? The qui et ! 1 about radiant energy la one of "pure science"; the man 
asking It Is curious about C* satiar a of li^tt sad tea Hssssr In which ths ays respond*. Th* question 
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case, eau in many «Bwr», ■ pajrciv^ajysiau igqperunem may be set up to help find me answer. Ail 
co nat i ons are kept constant except the owe t) be tested; tbte on le varied, and the o bs er ver r e por ts 
on his response. He may be naked to report whether he sees the light or object, whether it has 

fP f-j It is tnlatilai. ^ — ... .. . ^ j U. ■ - = . . J_. . .^Jl - 

p f c afca icu tin Cw ay i r liL-. 


In ». cms like that of the life raft, conditions may bn simulated In the laboratory, or a 'Yield 
t*st" but . me rafts ux .Afferent colors may be dropped into the sea, and pilots flying toward 
them -..ay no naked to report which u * they see first. Field tests tend to be much rougher than 
laboratory experiments, tad they are ueu.^’l where conditions ore difficult to simulate. 

tn any case, tee experiment may bn repeated for the same observer and for different observers 
until a stable average, standard deviation, or other value u> ubulned far each condition of the 
variable. Then, with t hat variable held mn stent at the value that gives the best espouse, or at 
mwreeeive values, suntiar tests mm be conducted by varying a second c ; iar&cir risuc of the stimulus. 
By systematic csjitoratloii at all variables, a body nf data <» built «*> tiw‘ rusy ,eil a great deal about 
sac!; basic m what c au ese the eye to respond in a certain way, oi about such practical 

questions as how to design life reft*. Tne results are expressed In various characteristics of tec 
stimulus - - lu min a nc e, visual angle o-LUudv.1, or whatever ltt appropriate to the problem at hand. It 
la not always easy to decide which variable primarily determines tee response and which variables 
are merely "accessrwie# before the fact". In such rases, psychophysics at least provide* the date for 
the combined visual response, end the decision may be reached by the rules of logic or by common 
sunset. 


nxperlniwtUi .f.cuKi can also be weed to lest characteristics erf the subjects. For example, 
they may be brought Into darkness from a uniformly lighted room and asked to report whan they can 
first sec a standard dim light Dark idaptaUon time among Individuals is now the variable; all other 
cor aiuors &tg constant. 

I’tOi' Eiliurr 

(Hton the objective Is to compare the response c« on individual with that d a group of normal 
observers. In tide category are eye testate find out if a man needs glasses or if he can eaeveli enough 
to fly. The ability of an Indtvldotl to respond to a particular stlnrilu* Is measured. The results are 
expressed In units appr'priste fa. the stimulus, but they show haw much the twthrldbaFa capacit y 
varies from the normal. The meamtretRwnf of visual acuity is on example of such psychophysical 
terimlou#*. The smallest detail that cam b» seen ondtr saertflart mHiftWhni t« jjlw w te g h> w»ln» 
a lerge group of people wite "normal rleton." In a typical vleual Acuity test, twa objects aremoced* 


w 


apart until the observer announces he can just discriminate between them. Acuity la then expressed 
In terms cl visual angle subtended by the distance between the objects, and the measurement of 
capacity Is expressed as the difference between normal visual acuity and that of the individual. 

(Visual acuity Is explained more fully In Chapter 8.) 

Measurement of the Stimulus 

Psychophysical techniques can be used to measure a stimulus in a manner analogous to physical 
measurement. That is, die observer compares an unknown with a standard of measurement In order 
to find out what magnitude of the stnnrtard Is equal to the unknown. Measuring with a ruler Is a 
simple example of this procedure. The observer finds the point of equality; he is a null Indicator, as 
It were. In photometry, a spot of light of unknown Intensity 1 b compared with a calibrated standard of 
intensity, when the sensation produced by the unknown Is judged equal to that of the standard, the 
physical measurements of the two are also assumed to be equal. (Usually an average of many 
judgments la used.) In this manner, the physical characteristics of the stimulus may he measured in 
physical units by psychophy-lcal techniques. 

Measurement of thi Sensation 

In experimental techniques, described above, the subject's response Is usually measured in 
terms of the characteristics of tite stimulus. However, the goal map be to measure the subjective 
responses (sensations/ to stimulation and establish a scale thal corresponds to the amount of 

“ r'thrr than Ihr cirrslc^l ."-trie z! 11,.. a llu«.!u«. “> line uiw imt must urst 

iiialato the- stimulus characteristic that la responsible for the response, as in experiments! methods. 
He must then aatahliBh *H« nltHmAin charges is the Stisulwr and ctiwigv* In muauiull. 

that Is, he must find a correspondence between a continuum of stimulus values and a continuum of 
sensation. Having done this; lie ofuul devise a seals of setmticm Vjju a* mat is based on toe relative 
amounts of sensation reported by the subject and that can be mathematically manipulated. This scale 
vi!! usually have entirely diffcrcr.! proportions irosu a stale «i stimulus values ( a small change in 
stimulus often produces large changes In sensation, and vice versa}, but each unit of sensation can be 
defined In terms of the units on the physical continuum. 

In the measurement of visual sensation, some progress has been made toward this goat. For 
example, we described In Chaptor 2 h * the sensations of color — hue, brightness, and saturation -- 
are expressed In trlstimulus values related complexly to the wave length and energy emlssiun of the 
stimulus. Frequently, scaling of sensations la approached by the method of fractionation: the 
stimulus value is increased or decreased, and the observer repoite whan the sensation appears In 
have halved, doubled, etc, as a result. In working with sensation, one quickly cornea to realise that 
halving or doubling the stimulus does not halve or double tiie sensation. 

Further discussion of the measurement, of sensation is beyond the scope of this report. The 
topic was Introduced, however, to allay the notion that psychophysical measurement of the stimulus 
is toe seme thing ee measurement at the eenastion. 

THE SUBJECTIVE JUDGMENTS OF PSYCHOPHYSICS 

As we have emphasized, psychophysical methods are useful only when objective values can be 
assigned to the observer's subjective judgments of sensation. Most judgments of sensation are easy 
to make but hard to pin down. We say with confiderre that one rad le "twice as bright i. unother," 
but others will dtoigree; the final answer lies to the complex relationships of toe two sensations of 
color to ssveral physlcil characteristics of both the color samples and the lllumlni.ru. Therefor*, 
the researcher often manages hi* experiments so that his subjects have to make only toe simplest 
kinds of judgments. By manipulating toe stimulus values, he can still obtain detailed data that will 
tall much about complex visual responses. For the purposes of this report, tor on simple kinds of 
judgment are especially important. 

Absolute Thresholds 

Perhaps the easiest judgment for an observer to moke fa to report whether or not a stimulus is 
present. Take a stimulus too w«lr in tnwu any sensation at all. As it is increased, s petot Is 
reached where the sensation ie first detected. This level is called Ihe absolute threshold. Individual 
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Judgments of absolute threshold sometimes vary a great deal. A stimulus of constant physical 
pr op er ti es may be detected on one presentation but missed on the next. An absolute threshold must 
therefore be the average of a number of determinations. 

Just Noticeable Difference 

An observer may also be expected to detect small differences between stimuli. Two stimuli 
with exactly the same characteristics are presented. Then a characteristic of one (the comparison 
stimulus) is changed until the observer reports that he has noticed a change. The point at which a 
difference is noticed is called the threshold, and the size of the change is called a just noticeable 
difference (jnd) or differential threshold . The Jnd can therefore be expressed in units of the physical 
stimulus. Jnd units have been used as a basis for building op scales of sensation values, but certain 
difficulties are encountered. First of all, the change in stimulus required to produce a jnd varies 
with the initial value of the stimulus. For example, when a light source is dim, a slight change in 
luminance will be noticed, but when it is bright, a much larger change is required. In other words, 
when a response increases in what appear to be equal jnd steps, the physical values of the stimulus 
must increase in unequal steps. It so happens, however, that the sensation sometimes increases in 
about the same proportion as the log to the base 10 of the stimulus values (i.e., 10 times more 
stimulus produces twice as much sensation, 100 times the stimulus produces three times as much, 
etc.). For this reason (and others) graphs of visual performance are often plotted in log units on a 
linear scale. Unfortunately, the logarithmic relationship between stimulus and response rarely is 
linear over the entire range of stimulus values. If this fact is kept in mind, the interpretation of 
visual performance plotted on logarithmic scales should not be misleading. 

Equality 

The Judgment of the equality of two stimuli is a particularly useful one. Its importance in 
photometry was explained in Chapter 2; other physical characteristics of stimuli, besides the amount 
of light can be measured in the same way — by comparison with a standard. In other situations, two 
stimuli are presented that differ in some physical characteristic. The judgment of equality shows 
whether the physical difference exceeds the difference threshold for the given sensation. For 
ex a m p l e, stimulus fields of identical wave length and intensity would be judged equal on the basis of 
hue. Suppose the intensity of one field were increased while wave length was held constant. Would 
the hues still be judged equal? For some wave lengths they would; this indicates that the sensation 
of hue is not determined primarily by She intensity of the stimulus. For other wave lengths, however, 
ih£y sc-iid i> 4 luxe shows that hue is not purely a function at wave length. It also shows that the 
parameters < £ the two stimuli, each of which produces a different sensation, can interact so that a 
parameter of one stimulus affects the sensation produced primarily by the other stimulus. 

CLASSICAL PSYCHOPHYSICAL METHODS 

Many psychophysical methods have been developed for presenting stimuli to the observer and 
for accumulating data on human performance from the observer's judgments. Four more or less 
basic methods, sometimes called the classical methods, are described below. Most of the other 
methods are modifications at the classical methods. 

The Method of Average Error 

When a stimulus can be manipulated easily, either the observer or the experimenter adjusts the 
stimulus until the required Judgment can be made. For example, to determine relative depth stiscrisii 
nation, the relative distance of two vertical rods is adjusted until the observer judges that they are 
side by side. Usually many adjustments are made. The final value taken is the mean of all the 
adjustments. 

Although this method is probably the quickest way to obtain a good-sized body of data, it is often 
ruled out because of two disadvantages: (1) The skill and muscular coordination of the observer or 
experimenter In making the adjustments may affect the observer's performance; his judgments 
cannot then be taken as depending purely on visual stimuli. (2) The act ct making the adjustment may 
provide extraneous cues that seriously a£T Jt the Judgments being made. For example, when a 
stimulus is moved until Its size, brightness, or depth is Judged equal to that of another stimulus, the 
relative motion of stimuli may provide a clue. While techniques exist for controlling the extraneous 
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cum In the epp»»-af.i« f . r pr-r^rtvtMrn, th«y m« y Mwyiim m mii7 tTHm« that another method would be 
"Tnoreefftcioflt. 

The Method of Limits 

A otimului is shown to the observer end varied In steps or sometimes continuously through 
both increasing sod decreasing value*. Turasbold judgment*, difference judgmaoU, or equality 
judgments cm be obtained Ai some point Is the e e r i ea presentation, the obMmr will reverse hie 
judgment -- from “present” to “not present,” tor exam pie, or tr on "equal" to "ncA equal." Since 
observers tend to become 'tiabl tinted" — to persist in a judgment niter thay should reverse II -- 
stimulus values at the reversal point are averaged for both increasing and decreasing presentations. 
Nevertheless, habituation may not be the same each way; it . cndMu «iiio lewure rj me 

rr.cte.cd mm limits, and care must he taken to eliminate Its effects by varying the starting points of the 
series and the stse ot the step or rate of change used. 

The Method of Constant Stimuli 

Discrete stimulus values from a aeries are presented in randest order to the observer. To 
obtain a threshold value, tea observer states whether the stimulus can be detected or not. The 
stimulus value detected M peccant of the time la Lien Men aa ms threshold. To obtain a judgment 
of equality, the observer states whether the a tlmul is Is greater or less than a standard. The point 
of equality la the stimulus value at which the judge, ente of greater or Lees or# split fifty-fifty. This 
method I ism none of the disadvantages of the first two methods, and It lands itself wen to graphical 
and statistical solutions. Several variation* of this method exist. However, f hey ail prcbaWv «V* 
mors tins than ft# ot her trs tsatitsA ■ 

The Method of Paired Comparison 

From a rronn of stbeuil. a p£ir u presemss to toe ubearrar: he fwftges which atiaulu* uf the 
pair is greafer in the characteristic being tested. The procaas Is repeated until every stimulus in 
the group ia pal rad with every attar «di«>‘iks* This meoiMd is Uw»i muted to determining the order 
-s' o, a^uiude ut aanmii, but It cm be modified to solve other problems. The collection of data and 
the analysts required to arrange the stimuli In order of magnitude Can b* laborious when many 
stimuli arc compared, although short cut mwthods esist for handling the date. 

OTHER TECHNIQUES POK PRACTICAL PRGBU2S 


Up to this point, we have discussed methods for determining the finest limits of visual percep- 
tion and discrimination. Sometimes, how* war, the investigator i$ more israrssted is i&a over-aii 
effteJancy with which s human u'-cucr uses visual csss in a practical situation i n this case, he may 
compere the relative speed or accuracy with which an operator cm perform a task under two 
conditiona. For examplo, a radar operator's sp e ed la detecting a pip nay be measured (1) when the 
pip appears alone and (X) whan its appearance la accompanied by an auditory ’beep." Or, the 
investigator may find out what work setup Is mors efficient (or performing a task by simply counting 
tita nembar of operators required sunder each se tup . A researcher eosMtimae baa the same problem* 
ss the efficiency expert In engineering. In tracking down sources of error in a manufacturing 
process, it is often uneconomical to close down pro tect ion to perform s controlled experiment; 
sometimes, In feet, the equipment oust be operating normally for srrurg to be determined. 


In applied visual exparUssatstlan ti is eftee impossible to attain the ideal of cha n ging only one 
variable at a time. In suck cases, a statistical treatment of data, such as analysis of variance, must 
be used to determine which factors affect visual performance. 
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It'ltlUii 


CHAPTER fi 


VISUAL CAPACITIES, THEIR MEASUREMENT, AND PROBLEMS OF VISUAL PERFORMANCE 


All material in the preceding chapters has been presented because H Is basic in measuring 
visual capacities and in using Information about visual capacities to attack vlaual problems in mili- 
tary aviation. 

Tite primary visual capacities are described in this chapter. The ways they are measured are 
discussed in some detalL Their significance in military aviation is pointed out. From the maas of 
data presented, four ssle of performance data and one set frf anatomical data are emphaaieed he iden- 
tifying them in the text as "Basic Curves." Although ail the data are important in some aspects of 
military aviation, these five sets seem to offer the most concise way of schema tiling a large mass of 
information about basic visual functions and the variables that affect them and of organising that In- 
formation so as to be able to attack and possibly solve the greatest number of visual problems in mil- 
itary aviation. Each set of data shows * different aspect of vision. Each emphasises live nonlinearity 
of the visual system. Considered together they demonstrate the complex interactions among visual 
capacities. 

Finally, simple visual problems - • proWen"* in which the primary variables can be identified 
and manipulated one at a time -- aro presented lo demonstrate how performance data may be applied 
to visual problems in military aviation awl in provide preparation for the remaining chapters of this 
booh. No one would pretend that applying On five bole set * of data will solve all visual probte.n* 
that arise. IliS Sf UitvIy on— tM - that appiyisf thf data will Sat C-aintneiety «nm* ™ MWrHM/i. 1 -. 
tout, apply lap these cut- vr.ii give better problem volution Ulan would be possible without them. Sven 
more important, attempting to apply *he data to any particular problem may identify those aspects nf 
Ui* piuwern i or which tneoau are Inadequate and thereby efficiently pin-point critical areas for 
basic op snrilltvi r?Sf;rr!! to nrachtSE ‘its data s=css-S#ry Lj: complete- a=sa opiitnsi prcviEts sohstiuiL 

The visual capsctties dealt with are: 

1. Light discriminations. cmtalaHrtg of: (s) Brightness sensitivity, the ability todetecl a very 
dim light, (bj Brightness discrimination, the ablUiy Xodetect s change or difference In the brightness 
of light sources.' Jf) Color discrimination, ttie sbllliy to detect colors. Brightness scnslllvity and 
brightness discrimination aro measured In convent onal units of intensity, luminance, and brightness 
These discriminations vary greatly with the wave length of the etlmuiuB, as well as with the amount 

of light the observer has previously been exposed to and how long he has been exposed. The sensation 
of color h-» components of hue (red, green, etc.), brightness, and saturation (purity of color). Hue dis- 
crimination is usually measured in terms of wave length --as the least dlflerence in wave length that car. 
be detected as a difference In hua. Sonic 12S differ er.t te can be discriminated by normal observers. 

2. Spatial discriminations, the ability to dlailoguiah forms and relationship* in apace, consist- 
ing of: (a) Visual acuity, die ability to see very small objects, to distinguish separate details, or to 
detect changes in contour, usually measured in terms of the reciprocal of visual angle subtended by 
the detail, (b) Dist ance judgment , tha ability to judge absolute distance or, more commonly, the reta- 
il- e distance ofTwb or more objects, ft is aided by cuss learned froc experience -- perspective, 
relative motion, relative slae, distribution of light and shade, etc. -- but stereoscc^lc vision, the 
disparity of images on tha retinae of the two eyea, is the meet important factor for very near 
objects,- teats art usually limited to stereosccpic vision, and distance judgment is sometime* ex- 
pressed as the minimum difference in the angle two objects can maie with the two eyes and etili be 
perceived as being st different distances, (c) Fo rm discrimination, the ability to diatingulsh objects 
«n the basis of shape, ft depends lu a greet exTeht to the observer's experience and other variables. 
The goal Is to pick oui characteristic* of shapes that make them ettsy to distinguish, but only limited 
success ha* been achieved In analysing this type of discrimination (d) Movement discriminati on. 

Slow movements are dmried by difference la location as Umr passes, huTroore rxptd fiXJremwrta 
create a single aenaatiem of motion. Measurements are mtd* in term* of minimum angular velocity 
(with respect lo the eye), either relative or absolute, that can be detected. Apparent motion is some- 
times seen when there la in /set no motion, a* in moving pictures or after a steep bank in an aircraft. 
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3. Temporal discrimination*, arising from tin fact that sensations do not follow instantaneous- 
ly from stimulus change*. Kl» most Important is the ability to see flashes of a flickering light as 
separate rather than as a single, steady UghC 

LEVELS OP RESPONSE IN VISUAL PERFORMANCE 

As we have pointed out, it is convenient to consider visual performance in terms of stimulus 
and response. By stimulus is meani a characteristic of the energy impinging on the eye. The mean- 
ing of response is more complicated, because response occurs at several levels. At the most funda- 
mental level, the response may be taken as the nerve impulses set up when the stimulus acts on the 
receptor cells of the eye. At the next level, the response would be the sensation produced by the 
stimulus — the first awareness of an image, a color, or alight. On a higher level, the sensation com- 
bines with memory to create pe r cepti on --the first full recognition of what has stimulated the eye. 
Finally, response may be a movement of the eye, the head, or the entire body in reaction to what has 
been perceived. Such a common stimulus as a red traffic light produces responses at all four levels. 
First it sets impulses in the optic oirve. Gh arriving at the brain, these impulses give rise to a 
meaningless color sensation of red. Within a fraction of a second, the driver’s memory informs him 
that this kind of red sensation means he should stop the car; he has now perceived the light. Acting 
an his perception, the driver raises his foot and puts it on the brake; this action represents the final 
level of response. When talking about a driver's response to a red light, we may be referring to any 
or all of the events in this sequence. 

By visual performance , we mean the observer's responses at any or all of the four levels. It is 
therefore important © the - kind of response or the kind of performance be specified in every case. 
The visual scientist, however, is primarily concerned with performance at the sensation and percep- 
tion level!;. If only sensation is involved, c ha ng es in performance can be related to changes ;n the 
stimulus; as we have seen, one measures this kind of visual performance by measuring the stimulus. 
At the perception level, however, a "something else" is added to the seaaaiion that may be independ- 
ent of anything in the stimulus itself. For example, the "something else” in the perception of the 
traffic light was the meaning of the red light: that the driver must stop. This meaning could not be 
obtained by measuring or plotting wave lengths, tristimulus colorimetric values, luminance, or any 
other attribute of the stimulus. Fortunately, however, most kinds of visual performance with which 
we are concerned can be expressed by measuring related characteristics of the stimulus. 

VISUAL CAPACITIES AND T HEI R MEASUREMENT 

Visual capacities (or kinds of visual performance) are discussed below. Each has been classi- 
fied according to the stimulus characteristics primarily responsible for it 

Rod and Cone Population Curve 

The curve in Figure 8.1 is simply an "anatomical plot" — a plotting of the actual number o i rods 
and cones per unit of area along a lino from the nasal side to the temporal (temple) side of the re tina * 
Although introduced previously, it Is presented here because it provides the anatomical basis for the 
curves of visual performance that follow. If ooe knows the part of the retina on which the image will 
fall in a particular visual task, it is then a simple matter to read this graph and determine the propor- 
tion of rods and cones involved (It can be assumed for most purposes that tbe density of rods and 
cones follows the general pattern of curve 1 in all directions outward from the fovea . ) 

You can see that tbe density of the cones is very much the same throughout most of the retina, 
with the exception of two area*; a very small central area in the fovea where the cones increase 
greatly in number, and an are* in the extreme periphery where there is a slight buildup. Rods how- 
ever, are more unevenly distributed. They are entirely missing from the very center of the fovea, an 
area that subtends about one degree of visual angle; they iscre*** in number in all directions out from 
the fovea, and reach their greatest density at about 18 t-j 20 degrees from the center. Beyond this re- 
gion. the rods decrease in number out to the extreme periphery. The other area depicted here is the 
ol ~- - th * ***** vpUe rarve leaves the eye. It certains no rods or cones. 


“The anatomy of the eye in described in Chapter 3. 
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Figure 8.2 C urve 2 : Spectral Senaltlvlty 
Curve 


As was noted i“ CiSSjSt'if 3, ihg tone- 

tsa is U'geiy JreepuoSibie for detail sad color 
v talon, while the rod ejretem provide* lor de- 
tection of email amount* at light. DUterent re- 
el one of the retina nr* specialized for these 
tanka. Detail viniun In heat « the fovea, where 
cooes are dense, and poor >4 the periphery of 
the retina; here rode are more numerous than 
cottas, a<)d esMlilvMy to email un aunts at 
tight is higher than In the fovea. 

Light Discriminations 

In Chapter 2, it waa explained that the 
sensation of brightness Is nqt Just a ftactioa of 
the rate of tiensislttal of radiant energy, but 
depends also cm the wave length of that energy 
within (he visible spectrum. For this reason, 
light is measured in arbitrary units based on 
the international candle and scaled in accord- 
once with the sensitivity dt the eye rather than 
the amount of energy. Thu eye'o ability to re- 
spond to radiant energy la limited to a very 
narrow band of wrve lengths. 


Relative sensitivity to rtufcant Dux an 
a function of wavelength (data from 
Hecht and Williams 8-7) 


Spectral 1 Secaltiylty Curve (Baalc C urve 2) . 
This curve {Fig. 8.2i was chosen because 
It shows tl« difference in sensitivity of 
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tfie two types of photoreceptors, rods and cones, over the entire visible spectrum; and it shows this 
difference in a way that removes some of the common misinterpretations that follow easily from 
other graphic ;! representations of this function . 

As we progress from cone vision to rod vision, we see that the r .gion of maximum sensitivity 
shifts from 555 t n to 510 mp. Actually, when luminance is decreased from cone to rod leve s, the 
change from cone } o vx* functioning occurs gradually. That is, as the eye becomes dark -a da; ed, 
sensitivity increased ■ ;r dually, and the peak wave length becomes shorter. The process c.oul ( be 
represented by a series of curves movhig up and to the left of the cone-vision curve, with eac peak 
of sensitivity moving closer to 510 m#x. Rods are much more sensitive than cones to radiatio from 
the short-wave end oi the spectrum and are about as sensitive as the cones to radiation towar< the 
long-wave end of the spectrum. Generally speaking, the rods require much less radiant energ for 
vision than the cones; however, the rod response is achromatic (i.e., colorless) while that of tl ? 
cones is chromatic. Vision of the dark-adapted eye in low level illumination (using only rods) s 
called scotopic vision. Vision at higher levels (a cone function) is called photopic vision. 

The characteristics of the eye described above are often quantified in the form of piiotopi and 
scotopic relative luminosity curves, as illustrated in Figure 8.3. The scotopic relative iuminos iy 
curve in this figure shows that if someone looked at a very dirn, equal-energy spectrum (a light 
source emitting equal radiant energies at all wave lengths) after spending 30 to 45 minutes ir. the 
dark, the different parts of the spectrum would not appear to be equally luminous. The photopic 
curve shows the relative luminosity of the various wave lengths in an equal-energy spectrum when 
the intensity of the spectrum is well above cone threshold; the eye has been exposed to a fairly high 
luminosity level before the measurements for this curve are made. The curves in Figure 8. 3 show 
the sensitivity of the eye under extreme conditions. When the luminance is decreased gradua ly from 
photopic to scotopic levels, the transition from cone to rod vision is also gradual. 


The different curves in Figure 8.4 were obtained at five luminance lovels ranging from cone to 
rod levers. Notice the gradual shift in the luminosity curves and the increase in the relative lumi- 
nosity of blue and blue-green lights (wave lengths below about 510 mp). This shift is called the 
Purkinjc shift, and accounts for the Purkinje phenomenon. 




WAVEICNGTH in fry 

Figure 8.3 Photopic and Scotopic 
Relative Luminosity Curves 


Figure 8.4 Relative Luminosity 
Curves at Five Luminance Levels 


The pi otopic data, are fiorr. 
Gibson and Tyndall; the sc< 
topic data from Hccr.l and 
Williams, (after Chapanls, 
Fig .5. p. H) h '‘ 


(1 ts the lowest luminance; 5 the 
highest.) The gradual shift In the 
luminosity curve is called the 
Purki.ije shift. Data from Wal- 
ters and Wrigh*. (from Chap- 
anis, Fig. 6, p. 11 8-5) 

3est Available Copy 


106 



if 

1 

I 

■? 

- 


Th* phot opic and • cotopic relative luminosity 
curves shown in Figure 8.3 are frequently misinter- 
preted, because it is often not appreciated that each 
of the curves is drawn relative to its own maximum. 
This misunderstanding leads to the frequent mis- 
statement that the rods are not as sensitive to the 
redas are the cones. However, if the relative lumi- 
nosity curves are replotted in terms of the amounts 
of energy involved, as is done in Figure 8. 5, it can be 
seen that the rods are about as sensitive as the cones 
to radiation from the longwave length (red) end of 
the spectrum up to about 660 rim. 

Brightness Sensitivity . Brightness sensitivity, 
or the ability to detect a dim light, is of great 
importance in the detection of objects both inside 
and outside an a« -craft. Below certain intensities 
and luminances, t ie eye does not respond at all; 
the light source is invisible. As the amount of 
light is increased, a threshold value is obtained 
at which the eye s just able to detect that light is 
present. It has been found that the threshold value 


depends on hvw much light the subject has been 
exposed to before the test and how long he has been 
exposed to that light as well as on other pre -ex- 
posure variables; It may be said that the eye is 
more or less sensitive to light, depending on its 
state of adaptation to light. Thus, absolute thresh- 
olds *n r light intensity can be measured either 
the maximum brightness sensitivity of the 
fully adapted eye or to determine the degrees of 
adaptation to darkness or to any level of bright- 
ness as a function of related variables. 



Figure 8.5 Relative Amounts of Radiant 
Flux Required to Stimulate the Rods ami 
Cones 


These curves are replotted from 
data in Fig. 8.3. (after Chapanis, 
Fig. 7, p. 12 8-5) 


The usual procedure for measuring the sensitivity of a dark-adapted eye is to light-adapt the eye first 
by exposing it to a known high level of illumination for a specified period of time (this is called pre-adaptation). 
This procedure insures that conditi jns will be equal for all subjects at the beginning of dark adaptation. Then, 
seated ir. darkness, each subject is given tests at regular intervals (one-minute intervals are often used, al- 
though much shorter times are used at the beginning of dark adaptation) as he becomes dark- adapted. Each 
test consists of a series of brief flashes of a light (one flash may be made about eveiy 3 seconds), the brightness 
of the stimulus is inc: ased with each exposure until the subject first reports that he can see it (ascending 
series of ctho< ' imltsl, or the brightness is decreased until the subjectfirst fails to see it (desi ending 
series), i is procedure 13 continued at intervals for some 30 or 40 minutes, until adaptation is complete. The 
successive thresholds thus obtained, when plotted against adaptation time, yield a curve of dark adaptation. 
Brightness sensitivity, of course, increases (and the threshold decreases) with dark-adaptation time. 


Somewhat the came procedures are used to obtain a light-adaptation curve -- a curve that shows the 
lowest brightness level the eye can respond to after various periods of exposure to light of some constant 
brightness. The subject is first dark -adapted (or at least 10 minutes; then he is ,stim"l?ted with an evenly 
!<ghted field oi a specified brightness. At various intervals this "adapting” light field is tvrr.ed off, and a test 
object is flashed in the dark at a low brightness level. The subject reports whether or not he sees it. The 
cycle is repeated until many measurements have been taken over a series of time intervals. A light -adaption 
curve is then plotted. This curve will be different from a dark -adaptation curve. That ts, the brightness sen- 
sitivity will decrease fond the absolute threshold will Increase) with time of exposure to light. 


Test objects are generally small circles or squares. Sometimes a broken ring like the letter C is > sed; 
•he subject is required to locate the break, so that the tester can check whether the subject actually sees the 
" jert To be sure that the same portion of the retina Is stimulated in each trial, the st iject is gen- 
erally given some object to fixate when the stimulus is not visible. To eliminate varlab. tty due to 
head iiovus.-tii. the subject may be given a chin rest or a biting bar (which may even be wax impres- 
sion of the subject's erwn teeth). 
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D ark-Ajtoptatton Curve (Basic Curve 3) . This dark -adaptation curve (Fig. 8.6) has been selected 
as one 'oj the basic curves of visual performance, because it illustrates part of the tremendous 
sensitivity range of the eye, and also illustrates how the eye’s sensitivity behaves as a function of 
time in the dark. 



MINUTES IN THE PARK 


Figure 8.6 Curve 3: Dark-Adaptation Curve 

Increase in ability to see, measured 
as luminance that can just be seen as 
a function oi time after lights are 
turned out. (after Chapanis8-S)(dat& 
from Sloan 8 -13) 

Note: While the luminance of an extended source is strictly speaking the light emitted 
per unit of area per unit of solid angle, and brightness is the visual sensation in re- 
sponse to luminance, they can usually be taken to mean the same thing for extender 
sources or reflectors of light. (Any source of finite size is considered "extended.”) 
Both are designated by B. It will be remembered from Chapter 2 that 1 lambert is 
the brightness of a perfectly diffusing surface emitting 1 lumen/cm*. Lamberts can 
be used to designate the brightness of surfaces that are not perfectly diffusing if they 
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Tlgura 8.7 Dark Adaptation aa a Function of 
Miration of Prevlooa Light 

DarlwiJaptetJoa curve, for ob. cubjecl 
following exposure to l£ht of 447 mL 
for various durations, Only the rod 
portion, of th. curve, are etioim here 
(after Ohap.aH, rig. 12, p, JgS-S) 

(data from Itetg) 


M'Nurn in rut t*e* 

Figure 8.8 Dark Adaptation aa a Function of 
Intenaitjr of Preview. Light 

park- adaptation curve* for one eubject fol- 
lowing etpoeuree (o light, of variou. nml- 
nance. for four minutes. The broken llnvi 
Indicate the color of the teat light (violet 
could be identified at threshold, (after c»- 
pania. Fig. 10, p, r/B-5) (d*u from 8»i*.‘ 


Light senslll vi ty at a given moment depends on the length of time (lie eye has been expose d to ace; lai n 
level of llluainaUtl " < > fhf‘’‘ f » f ’ lr "-’ that Q- f|^ mi r n arenattmty ’Trifle' are- {1 ) nw-minHInnanri (21 

Intensity of previous light, (3) thesis* of the lest object,(4) the color Of the pro -exposure and the test light 
used for measuring sensitivity, and (5) tbs region of the retina stimulated. When we measure the effect of 
these variables on dark adaptation, we get cu rvea such as Figures 8. 7 through 6.11. 
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Figure B.B Dark Adaptation as a Function of 
the Area of the Teal Object 

Park-adaptation curves for centrally 
fixated areas of different slat-, (after 
Stevens, Piff. 17. p. 0478-lft) (daln 
from Hecht <et all 


• car i it? fUi MakClOOl of ««nwm 
iMSrwfpftML Dili |v rthiU*M 

or ifi f»uii hi c* tur u {cu tu 

t»*3 


ALD . OftAN&L *C0 


D «> ■ 

I 

g! to’ 



‘violet- 


Tiwr in CiNX, in 


H Igurp ft. 10 Dark Adaptation as a Function of 
“"X'.i Length iirr* Tt-ni otimuillS 

Dark- adapts imn nm'ca measured with 
lights of different wave lengths. Al- 
though lights were equaled in bright- 
ness Initially, ihey are no longer 
rrtuil.W bright even at rune threshold. 

The differences are further exagger - 
durinr rod dark ada>ii»ii'>n. (after 
Tufts Handbook** - ! i (data from Chapanls) 
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Dark Adaptation In Aviation . B hu been 
pointed cut that both th* rod and cone receptors 
In the retint dark-adept, but dark-adapted rode 
are much more sensitive to low lerele of Illu- 
mination than dark-adapted conea -- that la, 
we can detect much dimmer llchte with rod# 
than with cones. On the other hand, tine visual 
acuity and perception of color require cone 
vision. So, although the rode are very sensi- 
tive to light, pure rod vtelon la suited only for 
seeing outline^ and large contrasts; for more 
acute vision, ee must have enough light to 
stimulate the iw Jn dealing with dark 
adaptation for flying, one must therefore take 
Into account the kind of vision required on the 
mission. 

Whenever • pilot must took into the dark 
outside his sire reft sod obtain Information 
through vision, sou* degree of dark adaptation 
is required, when very dim or vwy distant Lights 
must be located, or when large outlines ire to be 
■potted, aacti ta the practised a Bfcjaate&w «■» »»— *■ **«■ 
nigftt st y or th» blurred outline of a nearby air - 
craft, red vision is r e quir ed. On the Other 
~ ham, if oeiaiia or color must be ueeo, such as 
— “ire rail and Sircrsfi namqf markers, details of ter ain, and ihe like, then cons 

~'z vision is required; in ihia cut, adaptation to maximum rod sensitivity may be superfluous. 

■s het us first suppose that the operational situation requires complete rod adaptation. This 

-r condition can be obtained if JM pilot or crewman la completely protected from any light stimulation 
' for at least thirty minutes before the flight. Staying in a completely dark room and wearing a tight 
blindfold are the most certain ways rf obtaining rod adaftatioa. 

However, keeping a man blind before flight prevents him from making final checks, reading 
charts aud weather maps, and other essential activities. It has pgau found that a pilot or crewman 
_V can avoid these difflculttes and aHU 'Main a satisfactory degree eC dark adaptation If he is exposed 
only to red light for txaam iiurty minutes before flight To understand this, look at the red and of the 
2 sensitivity curve. Figure 8.2. Note that at 600 mp tbs rods and COn*S are about equally sensitive*, 
l but the conea are nearly at their highest possible sensitivity, while the rode are capable of much 
greater eensltivlty to light around 500 mp . Thus, red light, which is a d e qu a te for good cone vision 
(permitting reading and other activities while adapting), has relatively little effect on rod adaptation. 
Hence, wearing rad goggles for 40 minutes before take-eft, or staying in a ready room with red 
Illuminati on, gHi« a pilot or crewman satisfactory rod adaptation far night flying. 

However, the situation io quite different In preparing for night operations requiring maximum 
con e adaptation. As we have Just noted, cooes ere relatively sensitive to red light; for practical 
purposes, the cones can become just as dark-adapted In white Illumination as In red illumination cf 
the same brightness. 

The »ate at which corns achieve maximum sensitivity depends on the brightness of the light to 
which they have been exposed and the length cf time they have been exposed to It. The time that one 
should allow for dark adaptation also depends on tbs level of sensitivity to be attained, However, 
cones reach pet- lansitlvity to brightness after only five to ten minutes to complete darkness, even 
after exposure to high levels of iltumlsstioe. 

After fl.e cores are fully dsrk-adiptrd, they can be exposed to low brightness for a short time 
and then regain f"M dark adaptation almost immediately -- within five to ten seconds after a return 



Figure 8,11 Dark Adaptation as a Function of 
the Region of the Retina Stimulated 


Dark-adaptation curves measured with a 
2-degree test object placed at various 

r r* T. point 

(attar Stevens, Fig. 18, p- M7S-1&) 

(date from Hwu. h.o. .~h tVsiti) 


- itus is contrary to thv fairly common misconception that rods are not at ail sensitive to red light. 

Ill 





to darkasaa. For example, if a pilot looks at a chart for a abort time under low illumination, his 
con* sensitivity for objects In the night sky la fully raatorad la a (aw second*. By a "abort time" 
and "low brightness" we mean exposure to something lr;a than 100 foot-Umbsrt-seconda.®"® (One 
hundred ft - l. - sec ■ exposure to 10 ft-L for 10 sec, to 100 ft-L for 1 sac, etc. Ten foot-lamberts can 
be thought of aa roughly the brightness of * sheet of white writing paper illuminated by a 10-watt 
bulb at a distance of one foot.) Furthermore, If the fares has been adapted to a tdw brightness 
somewhat above complete darkness — 0.1 or l foot -lam be rt, for example — u can be sxpoeed to a 
■mall ^uk^timial brightness (sgaln psrhspe up to 100 ft-L -sec) without basically altering Its senai- 


Dark adaptation of the rods (t.e., tbs area outslds the fovea) la a different matter. As Indicated 
above, some 30 minutes In darkness or In red illumination are needed for maximum rod sensitivity. 
Furthermore, dark adaptation of the rods la harmed to s much greater extent than dark adaptation 
of the conte by a brlaf exposure to low Illumination. Bqposurs of the rods to 100-ft-L-eec causes 
a large loss of sensitivity; at least two minutes in tbs dark is required to recover 11.0 -*0 To compli- 
cate matters, sensitivity differs at different locations in the periphery of the retina. At f degrees 
from the fovea, exposure to as little as 0.01 ft-L-s«c produces a measurable decrease In sensitivity. 
At 6 and 18 degress, on the other hand, there appears to be tittle toes In sensitivity after exposure to 
as much as 0.1 ft-L -sec. 

In summary, then, the following pr a flight procedure# wilt ensure that pilot and crew are suffi- 
ciently dark -adapted la flight: (1) S a pilot or crewman must detect dim lights or dark objects in 
flight, he Should wear tight -fitting red goggles or be ex posed only to red iUuslsatioa tor si least a 
half bear before fik&L -ffa to ir.y .«<•*« r.usti ei muaiUGUlori for even «ui instant. 

(2) If cone vision is to be used In flight — if pilot or crewman must discriminate snail objects or 
fine detail — five to ten minutes In 0.00K tn ft.ni fcst-IssSsrt of stole iifm will provide enough 
adaptation, ta this csss, brief exposures to somewhat his her Illumination win d» HHIs fearsn. 


It should also be remembered that dark adaptation must be maintained in flight. Thirty minutes 
of prefllsht rod Kfepi-*‘r>n f? useless if tbs cockpit instrument* are ilium mated with, aay, one foot- 
lambert of white light. On the other hand, there is no such thing as overadaptstiM In night flying. 

That Is, cone vision Is in no way Impaired by 30 minutes of dark adaptation for maximum rad sensi- 
tivity, In other words, when In doubt, adapt for >0 minutes In red illumination. 

Brightn ess D iscriminat ion. Brightness discrimination Is the ability to detect email change* 

In the amount oTTighfor emafiHl/ferences between two light sources. Above the threshold values 
at which light can Just be seen, the eye can discriminate small changes or dtiferegee* in nasnSHy. 
Measurement of brightness discrimination Is made by obtaining differential thresholds. Usually, 
Investigators test the anility to discriminate whether a difference exists between two light sources 
seen side by side. In general, the method la to present a test field and a comparison field so that 
they touch. Either the test field is surrounded by the comparison field or a split field Is presented, 
half test sad hail comparison. When the tflit and the comparison fields are equally bright, the two 
fields are Indistinguishable — that is, the border between them tends to disappear. B the tost field 
is made brighter or dimmer, a point will be reached where the fields can Just be distinguished, 
and the difference in luminance ta the difference threshold. 

When an object is viewed against as illuminated background of the same hue, the difference 
between the brightness of the object end Its background must be above the difference threshold 
before the object can be seen. 13 m relationship between these brightnesses Is called brightness 
con trast, 

Smmi BtWrtjBlngttffi Qum ffilffc K*pr*0*6 as a percent, contrast to 

equal ta Afl/B x 100, where A8 f« the difference in luminance between object and beck- 
ground and B la luminance at background. Curve 4 of Figure 0.13 al l o w s that the threshold 
contrast — tits least contrast required for an object to be detected against its background — 
decre as es as l u m in an c e incre a se s , until it reaches s limit at a Jdgh Liamtoatioe (la me order 
of 100 mlliUamberto). TUs means that the capacity of th# bamaa eye to detect dtftsresce* 

In thn brlgbtnssj of objects Increases as Illumination increa se* . Net* that contrast dtocrteriaattoa also 
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Figure 8. IS Curve 4: Contrast Discrimination 
curve-- The Smallest Brightness Contrast TTiat 

C=" fes &SB, a# a of Background 

Luminance 

Curvee for teat object* of four sizes are 
•hewn, (after Baser ft Orether*-*) (data 
from Blackwell) 



Figure 8. 13 Contrast ThreehnLd u > Function 

“i-j**- of the cumulus 

Effect of arcs of r£cU%uUf nimuim on 
threahold contrast 4 B/B for S ratios of 
leiffh to WftsK of rertatwle. Iter large 
arena, threshold contrast for fixed area 
dccrea** ut an shape approaches square. 
When area exceeds 10b min, shape again 
becomes unimportant, (after Handbook, 
T2-2C, data of Lamar et atf-1) 


Increases with the else of the test object. Ihe sharp discontinuity in the curves occurs at the huni- 
»a«ve values where the eye shifts from rod vision to cone vision. 

The contrast threshold If affected not only by such properties of the stimulus as intensity of 
iihniinatiQn and --Ire of the lest ubjeci , but aiao by the(i) shape of the stimulus, (2) wave length of the 
stimuluu. and(S) region of ihs retina stimulated. The curves in Figures 8.13 through 8. IS illustrate 
those factor*. 

Color Discrimination 

In Chapter 2, we pointed out that the sensation of jolor consists of at lsaat three components 
complexly related to physical characteristics of the stimulus and to the llluminant under which the 
stimulus Is viewed. These components sra hue, saturation, and brightness. The hue of an object — 
whether it la red, green, violet, etc. -- is most closely related \< the dominant wave length of the 
light It emits or reflects; this relationship wan be seen when sin.Ught la split Into components of 
different wave lengths by passing it through a slit and s prism. Saturation, the purity of s color. Is 
related to the amount of white light mixed in with the color; it often depends In large part on the type 
and amount of llliunu-^nt. Brightness is related to the rate of transfer of luminous energy -- the 
lumens par stsrdian per unit oi uw, the 'Rraberts. We also explained In Chapter 2 that color is 
usually specified in Urms of slit h ret components, the most common systems being a trl stimulus system 
such as the fCI or a color solidsuch as the Munssll solid. Methods of measuring the three components 
are described separately be.TW. However, since the three interact to some extern -- for '■sample, a 
bright redwlUappeartobeadifferent hue than a dull red of the same wave length -- one must be care- 
ful whan measuring nw component to keep the other two as nearly constant as possible. Conversely, 
as ve pointed out in Chafer 2, the equipment designer must think of more than the spectral color If he alms 
at making objects, dials, or chart readings stand out. He must choose* color that will bebrlghi enough io 
be lag ibis under all con (Bilans and that will be visible under any type of Illumination that Is to be 
u*ml (TmTwy*!* markings ca scats aeronautical charts, fur example, simply vanish under red light. I 
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at Wavelength at Stimulus 



Figure s.ia cnnbraat Threshold as a Function 

of Region Q* !£= SsSlsm Siiimiiaiaa 


Brightness ciieeri mi nation for tha rad, 
oranffo, v»!!ow t rrrm "ri Bias pitUtU 

the spec tram, Tho labelling oa tha ordi- 
nate applies to tha data for yellow (S7S 
him). Tha orange *®d rad curve* have 
been raised 0.5 and 1,0 log uult respec- 
tively, and thoae for green and blue have 
bean lowered 0.5 end 1.0 log unit re- 
spectively. (aftar S te a m s, Fig. SB, p. #57) 
(data of Hecht at al# -15 ) 


Just noticeable difference In reHna! jUa- 
mmatlon a a influenced by illumination for 
fovea! and peripheral vision. In peripher- 
al vision, where rods predominate, trans- 
ition from rod to cone vision occurs at 
higher Illumination level. Discrimination 
la generally poorer In periphery than in 
center a i visual field, (sfter Handbook, 
TZ-Jd, data of BteinhardtO-1) 


Bus Discrimination. In testing the ability to dlacriminate hues, the chief Interest He* In what 
hues can be dtecrimlha!*3 rather than In whether a particular hue can be seen. Hue discrimination 
Is ususlly measured In terms of the smallest difference In wsve length that two test fields can have 
and still be Interpreted aa of different hues. The subjects In the test start at one end of the visible 
spectrum and work through to >hc other end. The procedure is to start with two comparison fields 
receiving the same, wave length. The wave length of one Held la changed until the observer can 
detect (hat a hue difference exists between the two fields. Host, a third hue fnai can just be dis- 
tinguished from the second i a established, and the procedure Is continued until all the distinguishable 
hues In the spectrum have been covered. With good Illumination and saturated colors, some 138 
hues can be distinguished on the basis of this kind of comparison, but the eye's response Is by no 
means proportional to wave length; {He ability of the eye to discriminate hues varies considerably 
wun the portion of the visible spectrum involved. It la greatest at two separate parts of the spectrum, 
(he blue-green and yellow (Fig, 8. IS); here, wave-length differences m small as a millimicron can 
be 'Uscrimir.ated as separate hues. At the red (long-wave) end, the difference must be as great as 
20 millimicrons before It is detected. The number of that can be discriminated on a single 
presentation, without any comparison hue. Is, of course, copjslAarably smaller than 128. 

B rightness i>i sennit nation and Sensitivity , General invibuda for measuring brightness die- 
crimination and semltivlty havf 'been described above. The same methods are used to measure 
the effect* of brightness as a p* ameler of color. 
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hue IMKl tn kept con- 

STii to "£ on!y ttw of 

W fine, u varied, By repeating the teat for 
the Jujet vU,blB threettold 
7f^7-n?wi2* dl * criIn ‘n»t* between two 
different " ^ht,,***** «n •* plotted u a func- 
hUf * r ?? v * ! “* th on th * visible 
% hwJi ,W ‘ fttK * in bM,e cwva a 

trig. «.*), brightness sensitivity l« the greatest 
" w th * ca,,ler of the vislble*pectrum, 
COn / e vl-lon '• greatest at tone 
3M millimicrons (In the yellow-green portion) 
while sensitivity for rod vision it greatest p.‘ ' 
somewhat ahorter wave lengths, In the blue- 
green portion. 

Saturation dls- 

^ lon ‘a difficult to atudy with exactness, 
and little work hae been done In thie field A 

f 1 * ,0 li li " lculty 18 th,t u »ata ration la de- 
creased — that ia, ns white light it added -- 
the sensation of hue alec chances (eaceot with 

rninr* tn th* wati^ . .* 

1 r^trw. I tv " *** te#i iH l fie SpCC 

™7- «»«r*Uon discrimination, 

t*.tl Identically uhm.ul M.u. — ■ . J . 

*ndu»e saturation of one varied until the 

I4thf WhSn aeSe£iM * chehse. The respite may 



•I— - J 


VW.ET SSEEN OBANCE RFf> 

blue reuow- 

WEEN 

**VELtB(J T H If* 

tSc- » to •*££!7 f Dffl *” nca in Wavelength 

iMM^iwtLwtectad twi« iKtrasuMMi **„_«**»- , 

Two Fields are Presented for Comparison (A v- 
wwge of data from SleindlerS-H^e^nesfl-l i) 


light l * n "* tl<Ji ' CU ‘ * rt *"**' ' n * -TSolM may be espresetnl in terms of percentage of white 

specifying uLu £r^ mothod, <* identifying color - cf 

Mute language. In thla chapter, w7have been Wlth e ** ctn < 1 *s can talk the 

in each of the componenu/ctajor e£ctfl££™ ^ differences 

ace Interdependent; for example the 101 * not ttle 8Rme but they 

** hue discrimination like those described here. M ‘ U,rlTCd Rt by psychophysical test# 

Spatial Discriminations 

«■»» « B.. r«». 

give outline and form to imures Oaod , ttlt Bb lkeB Cerent areas of be retina 

aharpty and judge their locations and relation* m .f** 10 lAr S*l >art ability to see these images 
■patiaJ cMscrimi^^ ^ mUt * ,a too *«y Massed as 

depth discrimination form rii*rri m in 0 ii„T - visual performance.- visual acuity 

shapes; <*» strives ta prsvenTtheT^^r^^rfe ^ * Ught * ■"* street 

variable*. In “real life," <* course «xoertenr^t^*^.7 f 0m Introduc| n« Iar S° «id uia^lfied 
“hen the retinal Images are blurred- imT ^ en b°lpe a person Judge relationship anc *orni 

while ids clear-aightod P*ssen^r7^ C ^ tWllrtM ,afe! >' ^ough narrow openings, 

InevitaWf. * P««ng*i keeps bracing himself for the crash that his eyes tell hl^is 

dstsdJnrajS i”tte ^l!S^7/T^ 1Iy .7 the * bl,,t)r rf fbe to •«• fine 

the Image, Visual acuity IMnlluencwM by the reti'»7tTve f ° P v 2f tou « Hlr « 1 * '* details of 

measures (or typfi 0 f viausl acuitv *! 0 ,he eye - Th * 1 ‘«' * ra fnar distinct 

«W*n. The type* , re minimum^ ,0Ur Jlff8r8nt «P«t. of 
dUtlnguisfublc acuity, Ihs values m . rnf ;” IU ™ 8 ^ lr ^!<=, and min lm.ua 

Thcrcforti, one she Id eotTwlJ^SSy ^ to ll » J type, of acuitv. 

obtained for the type of acuity required la tirnt adtoation. * * ^ ^ h ° * ure the daU Wc '^ 
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Figure 8.17 Curve 5: VUuai Acuity Curve. Vlwal Anris Sibteoded by SnsjtflMt Detail Thai Can be 
UiScriiaimted, Plotted n» a Faction c4 Background, Luminance 

Curve* are ahovn for dlscrlmmaUng image* at 0°, 4*, ami 90° away from visual axis 
oo retina, (data from Mtndelbaum and Rowland® '2$) 

ne 





MMgww rtaiMa acuity refer* to the ability 
to *#*T pcrlnf source of IlghC Since by definition 
a point source la infinitely email, IU else cannot 
bs varied. Therefore, lta lntenaity chiefly deter- 
mines whether it can be aeen or not . 

melanin perceptible acuity le the ability 
to see small objects apt 1 net a plain background. 

D la moat commonly teated with fine black wire* 
or email black deta againat Illuminated white 
backgrounds, in mini mum perceptible acuity, 
the alee of the object — that la, the angle it sub- 
tends at the eye -- becomes the determining lector 
(assuming that Illumination and other variables 
are held constant). 

Minimum se pa rable acui ty defines the ability 
to see objects as separata when they are close to- 
gether. H is measured aa a function of the least 
distance that two object* of the same Bias and 
shape can he plac ed spsrt sad Still be Kn as 
separate, Both luminous (hkJ iKiniuminoua objects 
of various si me and shape* are used for teste. 
SssnwM a line with a gap l« used; the smallest 
elm that can he e*c*gr.ls®d 4??cr“ii££ sdaisxuM- 
separable acuity. Sometimes a grating of parallel 
lines or hare is used: ta the c rat Inc Is rotated *o 
that it becomes more nearly end on to tho observer, 
the bars appear to come closer together. In this 
rase, minimum separable acuity may tx expressed 
aa the largest angia of rotation at which the bar* 
can still be saw aa separate in a standard grating 
at a standard distance from the observer. 
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LUtflMUGC Of BACKGROUND >* fQOlL AMSfRTS 
figure 1.19 Vlsuit Acuity as a Function oi Contrast 

Visual acuity as a function uf baesgro iid luniinam r and the luminance contrast between 
the object and tts background. The data on Um left are irom Connor and Girwung; those 
on the rigid from Cobb and Moss (from Chapania, Fig. SI, p. SI 8 " 16 ) 




t 3 

Visual aNfiLE !« M.'KUTCS Of ASC 


Fienri* R IB Acuity as a T uncut, n ut i inn 

At any luminance level, less time la required 
tc see bigger objects. When sir* l« held con- 
stant, less time is required to see at higher 
luminance levels, (from Chapanla, Fig. 30, 
p. SO (data from Ferree and Rand) 
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VISUAL ACUITY 


Minimum diatlnvula able Acuity la the ability 
to d is tTngulah irregulaTTt itn - i nU/TIacon t i nu 1 1 1 es 
In the contours of an object. It la sometimes 
eaDed fora aenee, Sometlmea a ring with a 
email break In it la used for testa; the observer 
la asked to locate the break. The Landolt C ot 
standard proportions is commonly used. Vernier 
acuity, a special type of minimum clstlngulshable 
acuity, refers to the ability to recotutb that two 
lines drawn end to end are slightly ohVet from 
each other. 

Units of Visual Acuity. Visual acuity is 
commonly expressed as the reciprocal of the 
minutes of vtaual angle subtended by the detail 
being discriminated. The advantages of expreja- 
ing acuity In terma of subtended angle are: (1) 

All kinds of visual acuity (except minimum visible) 
can he measured in this »*y. (?) The angle can 
be calculated easily lor test devices commonly 
used — hers, broken rings, gratlngr.. fine wires, 
and dots. (9) Results obtained for «t*r objects 
ars expressed in the same imHa as results for 

utmetfi- 55w 4efa Jrtr no r»n rw> mriM 

to the other, provided auch (actors as accommo- 
dation ami lots? are taken Into account, The 
reciprocal or I he angle la used rather than the 

little u££jf a*. . 1— i g>>aj ¥hffii-KaitJ will {UtS E 

higher vaiue assigned to u than poor Visual acuity 
<fflB !ar«r flu, an*!# ll.il must h“ fnr 

detail to be seen, the worse the acuity). 

For clinical purposes, as for example for 
Figure 8.20 Visual Acuity as a Function of judging the visual acuity of Inductee* into the 

Color of Illumination armed services, and the like, the Individual's 

visual acuity is often expressed as a ratio to 

Visual acuity with red and blue backgrounds normal acuity. For thfs purpose, s Snellen chart 

of various luralnanci-s (after Chapanls. Fig. composed cf Soaltsr. letters «V sia.enrd proper- 

-5, p. 37 8'!®} (data uf Shiaei ail uons ami sixes la commonly used to mersurea 

complex form of acuity probably most net.ly 
related to minimum eeparable sculty. The ratio used la 

d istance at which individual can discriminate a particular deta il 
distance at which normal eye can discriminate same detail 

Thun, 20/20 vision means that the individual can discriminate an object at 20 feet llw 1 the normal eye 
also discriminates at 20 feet: 20/JO Is better than norma! -- the Individual can see an objt-ct at 20 
tcet that the normal eye can only aee at 10 feet -- while 20/40, 20/80, etc. are successively wotk- 
than normal. 

Mean normal vision ran discriminate a detail subtending approximately one minute of visual anglr, 
so i)h> discrimination of 1 minute ot visual angle is taken as normal. Expressed in reciprocal of 
an; tc, 30/20 vision Is therefore a visual acuity of 1.00, and 20/49 la 0.50. 

Conventional wall charts, with rows of letters or symbols of varying size, axe devices for rapid 
meiaiMm.nl of vieusl acuity Such .-bans do not measure acuity precisely, They are suitable for 
discovering differences tn acuity among Individuals or between an Individual and the normal eye such 
as occur aa a result of refractive errors. For research purposes, where the objective is lo discover 
what variables affect acuity ±zzA how much they affect It, more preciae equipment and procedures are 
neeiisd. Commercial devices auch a a the orthoratora, xdaptometora, a«J dteenmlito ->eters embody 
the to*) objects described above (in the dtaeosslrwi rrt different types at acuity) . Often, *,.t, cr , ihe re 
search worker must design ppectal, highly precise equipment tor measuring a particular variable . 
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Visual Acuity Curve (Bute Curve S), Visual acuity may be measured end plotted u s function 
of & number of variables. The graph In Figure 9.1? which relates acuity to luminance and the retinal 
location of the Image, was chosen because we have already met these variable! in curves 1, 3, and 3. 

With foveal vision (0 degrees on inc retina), no valuM were obtained at background luminances 
of lets than >4,0 log units; this indlcn es (hat no Ejecta a! all can be seen with cone vision a* very 
low luminances. From -4.6 log '-nits up, however, foveal acuity Increases very rapidly (that is, the 
eye can discriminate increasingly smaller details) until background luminance approaches i mlill- 
lambert (0 log units). Here, the curve levels off, and acuity Improws little or not at all with further 
Increases In luminance. At both 4 and 30 degrees from the fovea, large objects can be discerned at 
very low luminance values. However, at 30", there is no further improvement In acuity at luminance 
values Just above those where foveal (0-degree) ".Is Ion begins, and the smallest angle that can be 
discriminated in this region of the retina never gets smaller than 3 n minutes. At 4 degrees, on the 
other hand, acuity gets better with increased luminance up to about 1 mlllllam’.wrt; ai this luminance 
it le not strikingly worse than foveal acuity. 3 minutes of visual angle can be discriminated at 4 degrees, 
against 1 minute at the fovea. These results might be predicted from curve 1 (Fig. 9.1), which shows 
thst rods predominate at both -land 30 degrees, bid there are more cones at 4degrees than at SOdegrees. 

At the lower background luminances, best visual acuity is obtained at about 4 degrees from the fovea. 

Basic curve 0 show: that visual acuity varies as a function of luminance and retinal location. 

Oilier lurlnne ■ntrSiny vt“*uu aruih » rs* i it simittrs mirtrtnn 'riir n vi\ m f>nrni"jw toRtmtaan 

object and Us background (Fig. a. IE), and (3) color of Illumination (Fig. 8.30). 


: terms "distance Judgment" and "death percaptloti" 


describe as estimate of the distance of ail uujeci irum ihe observer or ihe relative distance of two or 
more objects. The (firm "distance judgment" Is used here because (he word depth. with It* •mpllea- 
uun of vert -al distance only, is misleading, and the word Judgment conveyu better than the word per- 
ception the idea of eutimating, m miles or other units, the distance of e single object; this problem is 
more common in aviation than the determination of the order of proximity Of several objects. Also, 
the term "depth perception" has sometimes been limited to the estimation of distance from the single 
cue of slereopsls. In milita ry aviation, distance Judgment is required: 


] in low-altitude atlacx of ground targets. to octimata the distance to the ground to avoid 
collision. 

3. Ir sir sMacks, in estimate distance to other aircraft. 



Figure B.21 Stereoscopic Vlaicm 

Object A In in focus, bu' the *wo ej es nee |! from different angles. The images of 
object It apiiear crossed while those of C apppar uncrossed. 
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S, In formation fly 114 , to estlmr *« the distance to other aircraft. 


4. In Landing operations, to estimate the distance to the runway in setting up the dbwnwlnd leg, 
the base leg, and tho final approach in the traffic pattern. It is needed moat critically to judge height 
above the runway, in order to detarmiM whan to flare out and when to reduce power for touchdown. 

5. In take-off, to Judge height above runway. j 

6 . In avoiding air collisions. j 

7. In avoiding taxiing collisions. j 

8 . In navigation, to judge the distance of checkpoints, etc. j 

8 . In judging distance to control* , Hide the cockpit. 

10. In air-to-air refueling, Judging the distance of ground objects in reconnaissance, and in many 1 

other applications. 

Cues. The Judgment of distance depends on many cue*. Tho Judgment is a weighing and a sum- 
mation of these cues, mostly without conscious thought as to the methods or reasons for arriving at 
the judgment. The value of most of these cues is learned fr om w gwtiM», but cm a subconscious 
level; however., tide does Mi mean they cannot be consciously taught, and it i» .highly probable that 

prrrfifC )~,Z7ZTL iicU..... juSton-ni. 

There are tee we}!-*rf‘nsd cuss is distance jiafguieni. Two of those ar« binocular; that is, they 
depend on the two eyed being slightly separated as they view object . Th? other cigars mmmeuiar; 
they ■work with one eye as well as wiftTIwo 1 *, 

Of the binocular cum, much the most important is sroroopsla, or stereoscopic vision. R la 
based on the facta that (I) objects viewed with both eyes are viewed from slightly different angles and 
form slightly different images on the two retinas, and (3) objects nearer than a fixated object form 
crossed images in (he two eye*, while objects farther away form uncrossed Images. Theas points are 
shown tn exaggerated schematic form in Figure 8.21. Ths eyes arc focused on tho object at A. The 
Image of A falls on corresponding points on the foveas of the two eyes. However, the Image In the 
lefi eye differs slightly from I hat in the right eye, because the visual exes intersect the object at dif- 
ferent angles. The nearer object. B, forma images to fh* right of the fovea on the retina of the right 
eye and to tn* !*ri of (He fovea on the retina of ths left eye. observer thus sees two "crossed" 
objects; that in, B la farther (0 the right as seen with the left eye than it la as seen with lit# right rye. 

The farther object, C, similarly appears as two separate objects, but they ere not crossed; C as 
seen with tlio right eye la right of C aa seen with the left eye. Because of these factors, the observer 
gets a sensation of A'a being nearer than C and farther than B. Since the eyes are only some 3-1/3 
Inches apart, the amount of disparity between the images In the two eyes rapidly decreases with the 
distance of the object. The greater the disparity, the easier the Judgment of distance. Beyond about 
a third of a mile, stereoscopic vision la of little benefit, though this distance couid oe extended ny 
perlscopic binocular devices that widened the separation of the visual axes. Al 1000 to 1500 feet, 
atcrcopsls with naked vision may be of use under certain circumstances, but it la a less accurate 
cue than at shorter range. 

Stereoscopes create the Illusion ol depth by simulating sterescopie vision. Two photographs 
of the same object or ares, taken from slightly different angles, are Disced side by side in the 
stereoscope. The left eye Is focused on the left-hand picture and tho rigid eye on the rlght-'iand 
picture. Thus the two eyes see altghity different aspects of the same objects In the photograph, and 
a true feeling of depth la created (hat cannot be matched by the most skillful use of perspective, 
haze, or any other cue on a single picture. 

The second binocular cue Is t; v muscujar action retired to converge the two eves on an 
object. It is unrelated to stereopeis. Convergence is a weak cue, a c Is demonstrated by placing a 
prism, bate out or tianr in, before one eye while the observer is viewing an object with both eyes. 

With the base out, an artificial convergence is crested, and with tbs bsse in, an artificial 
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divergence la creeled, in both cue*, it Is noted that the observer does not appreciably change 
Ms Judgment of the distance of object*. 

The first of the eight monocular cues is the estimation of dUtancJ by the angle subtended by an 
object of known else. Thus an aircraft of known size la Judged to be at a distance inverse!* "'■ooor- 
t Iona I to Its apparent linear dimenaiona (rig. 8.22). (This method also works In reverse; that Is, If 
distance Is known, the dimensions of an object of unknown sice can be estimated.) Unlike s'ereopsia,. 
distance Judgment on the baala of angle aubtended is equally effective at all ranges. 

The second monocular cue is that of aerial perspective. Objects as seen from a distance have 
an Indistinctness of contours, a reduction in apparent color saturation (or a change or loss of color) 
and a change In brightness so that the contrast with the background Is reduced. The changes are 
caused by s wcatterlng of the Light emitted by the object as the Light passes slang the optical path be* 
tween object and eye and an addition of light to tha optical path from other sourcus. Objects that 
undergo these apparent changes are Judged to be si a distance. 

This cue Is most effective at the ranges at which the changes are most noticeable; these ranges 
rtcpend on the atmospheric condition. Tor example, on a foggy or very hacy day, the nearest effective 
range for this cue is considerably shorter than the nearest effective range on a clear day. However, 
when estremec of atmospheric conditions occur, these atmospheric conditions must be considered in 
Urn judgment; otherwise, gross errors in distance est imation may be made. For example, U is well 
knows that a pede st rian is more a ** *« be m down by an automobile we as seen oh a lo g gy day, be- 
cauaa Me awrfei mmmhim mcomctod lor etaassphsric condition, toils him the note mobile was at 
s greater d ist a n ce, sate pi In foggy wwtfter, the effective raugM for aet lul perspective are in the 
Intermediate sad distant ranges (at least a thousand feet or greater). 


TSf third »u»w«iy cue !#Jis**ar perspective. .T^sce.is gs sllsrsUts j 

of objects tfes* *3 tri to a considerable distance from the observer. For example, the 
road or the boun^.iM of a nawsy seem to converge in the distance. 


rails of a rail- 


The luurtii monocular cue la that from lights and shadows. This cue helps disclaim the position 
of objects relative to light sources and to other objects, ft is useful at any range. 

Tbe fifth monocular cue is that of overlapping contours. ft establishes definitely the order of 
position of objects toward tha observer nod so can override other cues for distance Judgment. How- 
ever, absolute distances cannot be estimated purely on the basis of overlapping contours; they only 
disclose order of position with respwet to another object or objects The cue can be used for this 
purpose at say rsr£c. 



Figure 8.22 Angle Subtended st Eye (Apparent Size) an a Cue in Distance Judgment 


When the aircraft moves from B to A, its apparent sire increases by an amount inversely 
proportion*! to distance from eye and directly proportional to angle subtended: 

« 4b . ami™ 1 Mia ^ A a the observer knows the eypronimaie dimensions of the 
JT dH, apparent size at B 

.... dimension of aircraft , .. . 

aircraft., he in affect solves tha aquation d^ TafTT* ~ estimate dis- 

tance at A. 
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The ninth monocular cua jg irntln.- parallax Th i s I t the rtl a llv a dis pl a cement of O bj e cts as 

seen when th« observer is movlx*. When ihc observer is riding in a plane, near object* appear lo be 
moving past In the opposite direction with respect to the raoet dlatant object fixated upon. When fix- 
ation 1* upon near objecu, dlatant objecla lend to move In the same direction as the observer. The 
rate* of apparent movement are Inversely proportional to the distance from the observer. Object* 
near the plane cjppeer to more moat rapidly while d la t a n t object* a pp ear to be almost stationary. 

Then when motion parallax ta used In jnrigiu* Uw distance of objects from a moving vehicle, those ob- 
ject* that appear to be moving rapidly are Judged to be near, while IfaoM moving aiowly are Judged to 
’># distant A stationary observer may use motion parallax in Judging dletance by moving the head 
from side to aide. Thia seem* to distinguish the plane# of objects that lie in the same direction. Wtth 
motion parallax a judgment of depth can be obtained aa with stereopat*. The difference here ta that 
one Image 1* compared with the memory Image of a preceding impression Instead of with the simul- 
taneous Image in the other tye.8-1® Motion parallax ta useful for all rarge#. 

The seventh moriCCitUr cue ta accommodation. This ta a very weak cue, useful chiefly at short 
ranges. For example, a reduction In accommodation of 1/8 diopter at 33 cm changes the accommo- 
dation to <0 cm. A reduction of 1 '2 diopter at 200 cm changes accommodation to Infinity. In other 
words, aceomnwdattvely, a change from 39 to 40 cm ta the some M a change from 800 cm to Infinity. 

Thereto re, accommodation cannot be very sensitive to changes at ranges bnyottd a few feet. 

The eighth monocular cue ta association. This cue is not often of decisive value, but occasion- 
ally it indicate* distance better than any other cm* available. Association ta Illustrated by the follow- 
ing example. Five mile# out on a low si t I til de approach to an air base, a pilot see* another aircraft 
nearly directly abend Hr do#* cot know the type of aircraft! therefore he doe# oof kaow th# #ta« F and 
the i to *s * iwi *s ggj jjig cassst indicate tea custeBW. Sul he th-i n» «—*■“» «*— “ *- 

it would tor the traffic pattern. Therefore, he is abie to a* social ■ the dUtasce with Umt lo the air- 
port. This cue, (Hi the occasions when li Is present, may operate at any run** and may. in fact, 
imrraui with all of the preceding cues except, poaalbly, bln ocular disparity. 

"jf» »rtrtftio?! 'o the above cue*, s misleading cue to dtat*i«v* is furnished by tome type# ot optical 
aids. This false cue ta "Instrument min If lea! Ion." Objects seen thrvimfh » !*?**««**>■• 
magnification -• a telescope designed to give so change in else -- appear u> be smaller and more dis- 
tant than when sun with unaided vision. The cause of this phewxasnon it unknown. It was formerly 
thought lo be due to restriction of the field by the housing of Urn telescope, but this has been found to 
be an incorrect explanation. Curvature of the field produced by the optic* In the telescope ta now con- 
sidered the probable cause. This misleading cua ta a serious problem ta designing periscopes for 
piloting aircraft. 

Measuring Distance Judgment . Most laboratory taels of distance Judgment are feet* of the ahii 
:ty to Judge relative distant*, they ar* sei up bp that the observer muat make hie Judgments only 
nn the base* of stereoscopic vision and muscular adjustments for accommodation and convergence. 

That ta, the teal object# are chosen and presented in such c way that relative sixe la meaningless; and 
other cues, such as light, shade, and relative motion, ire abeent. For example, a movable line, disk, 
or similar object may be pliced closer or farther away than a fixed object. The movable object la 
then moved until the observer Judges that K ta exactly aligned with the fixed object, or he may be asked 
simply to mete • judgment ae to whether It la closer or farther. 

Distance Judgment is often expressed as the difference In parallax corresponding to the minimum 
distance two objects can be displaced along the line cf sight and still be recognised at beirg at differ- 
ent distance*. To understand what this moan*, refer to Figure 8.83. A and B are two points at 
distances y-_x and y from the observer. The t yes are a distance a apart. The distance x between 
the pointsTs"srnaIl compared with the distance y from observer to point B. Angle a Is ihe pairaUax -- 
the angle ol divergence - - between rays from point A lo the two eye*, and angle ta the parallax for 
B Ir. radtans, a ° a, y - x, d * a, y, and the difference between the two, ij, ta (cund by u ■= s/y - * 

- a y = ax y2 - xy. Slree x Is small, tj ta approximately equal to as y* radians, or 808,000 ax/y2 
seconds of a degree. 

Laboratory lost* ah..- Hint the eye# cm make very fine discrimination* In relnfivc- depth. Values 
axe low as tao seconds for tjaro not uncommon. Judging absolute depth -- the number of inch**, feei, yards, 
or miles an object ta from the observer -- Is much 1 pm accurate, and It depends on so many cum that 1' dor# 
not lend Itself to laboratory analysis While distance Judgment probably Improves with experience, the naked 
*yeiSor» nui approach even an old-fashioned stadlamot tie rangefinder insbC'Jrscy. 





122 



k 




Figure 8.23 Distance Judgment is Often Expressed as the Difference in Parallax Corresponding to 
the Minimum Distance Two Objects Can Be Displaced Along the Line of Sight and Still be Recognized 
as Being at Different Distances, (after Duke- Elder-8- 19) 


Form Discrimination. Form discrimination, as used here, is the ability to distinguish objects 
on the basis of shape. It requires visual acuity plus experience in recognizing and describing the 
shape; it is in large part on the perception level of response. For three-dimensional shapes, depth 
discrimination is also a factor. There are, of course, any number of forms in both two and three 
dimens i o n s. The ability to discriminate any one depends on whether it is viewed by itself or with 
similar or d i s sim ilar forma, ft also depends on tbs amount of illumination, the length of time 
the form la viewed, asd other conventional factors. For all these reasons, form discrimination 
cauaot be analysed as exactly in the laboratory as visual acuity or the stereoscopic aspects of depth 
dlserisBiaatton. 


In experiments with form discrimination, the ability to recognize a form is determined under 
carefully controlled conditions. Typically, either the speed of recognition is measured, or the prob- 
ability of correct recognition is determined on the basis of the number of right and wrong judgments. 

However, the term "recognize” means different things in different situations. In some situa- 
tions, it means the ability to pick out a particular form from a number of alternatives — a square, 
for example, from a number of rectangle# Similarly, the observer may be asked to sort a group of 
forms into categories such as rectangular, rounded, and triangular. In these cases, if the alternative 
forms are unlike or the categories are well differentiated, recognition will be rap'd and the probabil- 
ity of correct recognition will be high. 


In other situations, "recognize" means the ability to detect whether a form is present or ab- 
sent. Not only are Illumination and contrast involved in this type of visual performance, but such 
variables as background clutter and familiarity cf the forms are important. Correct recognition, 
therefore, depends upon particular details of the experimental situation. This kind of test is thus 
useful chiefly in measuring a person’s ability to discriminate forms that are to be used in some spe- 
cific practical ""it nation. 

Whatever the method of experimentation, the p: actical goal is to isolate the characteristics of 
forms that make them easy to recognize. These characteristics can then be used to deBign knobs on 
instrument panels so that the operator can pick out th? right one quickly, to design easily recogniz- 
able runwav markers on airfields, and for ~nanv other purposes. Unfortunately, there appears to be 
little connection l>e tween the physical form -nd the ability to discriminate form, nor can form dis- 
crimination be measured in terms of a standard, in the way visual acuity, for example, is measured. 
Psychologists have tried varying total area, the shape of the perimeter, and other characteristics of 
form, but only urouea success has been achieved in making the forms easier to recognize. 
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Mwimrt jgtejtrtrtBMj. Mmnwt discrimination may be described as the ability of the 
eye to detect' a change lnpodttion of an object appearing In the visual field. Two types of movement 
may be observed -- real and apparent 


Real Movement. Real movement occurs when a physical abject moves In space relative to tnc 
location of tbs aye. A similar situation occurs when the eye moves relative to a stationary object. In 
either case, the Image of the object passes from one group of retinal elements to the next and the 
speed at which this must occur to be discriminated is Uie threshold for movement. 

An aircraft a long way off has such a low angular velocity with respect to our eyes that we lave 
no direct perception of motion. We know that it is moving only because Its position or apparent alee 
changes over an interval ft time. An the aircraft comas closer, however, this more or leu Intellec- 
tual appreciation of movranwri. wmu*ee to a direct sensation of motion. Unis, there are two stages to 
our perception of real r/vvament: the indirect, for alow or distance objects, arising aecond-hsnd from 
our perception at a Series of Changes is else or position; and the direct, which occurs when these 
changes in position merge into a single sensation of motion. 

The perception of movement la caused by U) the Successive location of the image at different 
receptors of the retina (he., movement In relation to the periphery of the visual field) and (X) the 
change la the location of the ol^ect with respect to other objects In the field of vision. Perception at 
BM M—t la sMsdly moea m e ht of eye mssclee toad head to keep a movtag object In focus, but these 
movements are not ssaasHal to toe nivveytka. IPhsa toe object is ssvbs -restate. she nmnin 
Jto. ,^-iua -or is relation to Used objects u* Synthesised in tne brain into a single, direct 
perception of movement. 

I h n r wimim In rwttttqn to obj-rtBjs ggreglTStgjH; srss±£z.=m4 *=ss & eiTsmem -in an 

Otherwise empty visual n«d, TWsf Is. we psreslvs Had as objeei ha* changed location much 
oKkre mdckly if it is moving pest ■ flsed object, ami we got a direct of b»ww?.~:* =t njorh 

iouer velocities. 

Movement discrimination cm bo measured either to terms of the angular velocity of an object 
or Its mp£sr distance of displacement. Oft bo, the threshold — the lowest angular velocity at which 
m object will still be Judged as moving — is determined tor a moving test object of rectangular shape 
or a gap is a rotated circle. 

Apparent Movement, In tbs case of apparent movement, a perception of movement ic rivaled 
evss Ush»v ts«rc an? as m-nring objects is tbs visual Hold. Apparent movesMnt la illusory to nature 
and U based on i m p er fato p erceptfm at ftinralaiiiai from the esters*! world, However, enounhia 
known at the clues for these false perceptions to permit measurement of apparent movement In terms 
at physical characteristic* of the stimuli 

One kind of apparent motion occurs when the bead, eyes, or body to moved. Usually we recog- 
nise this as apparent motion; the images moving across our receptors give no seneatlon of motion, 
because (1) the observer knows that the object* are stationary In relation to himself, and (*) his At- 
tention to usually fixed on one object, to the psychological exclusion of the object* in apparent motion 
relative to It. However, after a rapid spin, loop, or sleep bank, we have a direct perception that the 
stationary world around u* is moving rapidly to the opposite direction to our motion. This kind of ap- 
parent motion to of serious concern to pilots trying to extricate them selves from unusual attitudes. 

It can be overcome to seme extent by training; after a spin, one can stop the apparent motion sooner 
by fixating s stationary object on the ground. 

strctmacoptc movement occurs when a series of lights or a aeries of pit area of successive po- 
sitions are ftoafc-i cm successively, tl ms stimulating different portions of tbs mtina, as to real mOvo- 
fflsnt, The latter procedure to, of course, to# bests of the movies, to somowhst similar fashi-s, 
certain geometrical designs, when rotated, give ah illusion at radial or vertical motion. A familiar 
example la the rotating barber’s pole. 

When tme or two lights arc soen against a dark background, the observer has no pattern of ref- 
erence. Various types of appmrr-’ motion may Bet to. de pen d to g a* th* tortivideei. For txz&pls, If 




the upper of two lights la swinging and the lower la stationary, the observer, 11 he haa a pendulum In 
mind, may see the lower aa swinging and the tapper as stationary. A single light, fixated at night, may 
suddenly appear to leap or awing in the field of vision. This Illusion la especially likely to occur if 
the o bserver la In a moving aircraft. 8uch problems become serious when a pilot la fixating another 
aircraft' » tail light while flying formation at nignt and In othsr situations that come about In ntghl fly- 
ing. We shall dlacuaa them further In later sections of this report. 

Apparent motion can be measured under some circumstances by comparison with a standard. 
That la, an object that la actually moving at a known velocity may be presented along with the appar- 
ently moving object, Md the obeerver reporta which seem* to be moving faster; or the velocity of the 
standard is adjusted until lodges nuU to the apparent speed of the other object. The apparent velocity 
can then be relatod to tne ph/alcal charade rfartlca of the object. 

Temporal Discriminations 

The growth and decay of visual sensations are by no means instantaneous. Periods of 0.05 to 
O.k second hare been noted between a change is the stimulus and the resulting sensation change. 

These latent periods depend primarily an the color and Intensity of the stimulus. They are the txaslo 
for several kinds of visual performance, but only one, flicker discrimination, will be considered here. 


Flicker Discrimination. Flicker, an oscillation of the apparent brightness of a Ugtd source, can 
be created by fluctuation of the intensity of the source or fay chopping a beam of light with a ah i t tar . 
n«.A»r w»a p«w»»r 1 tw. c etts fl a* light retching the -ye caa be fused together to produce flee 

sensation oi a steady ligirt. in other words, the sensation of one pulse Ms not decayed delectably 
before the next pulps occurs. The frequency s^ which successive pulse s can no longer be discriminated 
is ins threshold value; it is called ihe critical nicker frequency it-rn. 


In practical application*, a knowledge of flicker die crimination is important both when "steady" 
lights are to be produced from oscillating current sources and when flicker la to be intentionally de- 
signed Into n system, as In warning lights and flashing signals, ll la also Important to bo aware of 
some complex adverse effects which coarse flicker may have on human performance. For example, 
coarse flicker produced by the rotor under certain conditions has been reported to cause symptoms 
of azdrsms fatigue and even dlaalooss and nausea in helicopter pilots. Coarse flicker Is also 
known to depress the CFF so that cars s h ou l d be taken in using flashing light signals under 
conditions of coarse flicker in the environment. 

TKTEflACTlOK of VISUAL VARIABLES 

In the preceding P*g«a, almost a docen different kinds of visual performance were described. 

For each there was none particular visual capacity and particular stimulus characteristic that could 
be related to the kind of discrimination being made. For Instance, visual acuity performance was re- 
lated tr, the brooder rapacity for making spatial discriminations and also to the particular stimulus 
characteristic, visual angle. This kind of visual performance (i.e., visual acuity) was also selected 
M being so basic to general vie us' efficiency that it ronstitytes one of our five basic curve*. A num- 
ber of the associated variables which will also Influence the values obtained for each kind of visual 
performin'- * unless they are carefully controlled during measurements have also been mentioned. 
These variable* are summed up In Table I.I. Note that there is considerable interaction between the 
variables that determine visual performance. These Interactions are so Important that, after you 
have reviewed Table 1.1 and die five basic curve* generalized from the mass o: available data, we 
suggest that you study the pages which follow. There you will find basic information about vision hung 
on a framework of practical visual problems. 

VISUAL PERFORMANCE PROBLEMS 

Each of the simple problem a that follows has been chosen to show how some physical change by 
an mgftneer or designer might affect the viauat performance of the human operator. When ar engineer 
designs or redesigns an airplane or any piece ol equipment in ii, rr any ground aid for pitots or 
navigators, be is interested is how it will affect the ability of pilot and crew to see properly. By 
"see properly," we mesa see any dial, tight, control or chart inside the aircraft and any obstruction. 
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Table 8.1 Variables TSiat MuefbeKept Constant or Carefully Controlled When Measuring Some of the 

Principal Kindt of Visual Performance 



other aircraft, navigational, or landing aid outside Um aircraft, end aee it quickly and clearly enough 
to operate the plane aafely aad affectively. Thee* statements are obvious (or equipment that la de 
r.'rrmd to be awai -- for diala, oscilloscopes, lights, runway markers, ami the like. They apply almoat 
equally, however, to many other septets of aircraft design. A new communications device, for ex- 
ample, may obstruct the view, or may mean a near dial or knob that will be hard to discriminate f <*..»> 
other knobs or dials. A rudnnts tends to obstruct ins pilot' a over- the -nose vision- This can he of 
aerie* it ciutv-viu la, for easmpte, re conn a is sance aircraft. A new aerodynamic configuration can 
alter the shape and etna of the windshield, change the landing attitude, or change the pilot's post, 
tton with respect to instruments and windshield. 

When the effects of such changes on vision are iwi predicted, they may reduce the effectiveness 
of the weapon ays • '-m, contribute to accidents, and an ex p ens ive change or retrofit may be necessary 
after the airplane is In production. Such has occurred in the past- Curves ! through 8 and other data 
on vision give the engineer a acientlfic basts for predicting how the changes he makes will affect 
pilot's and crew's vision. They also enable him to make further chanrcs that will undo any HI effects 
hU first change haa on vision (asaujjing the first change la necessary). They enable him to predict 
*»>e meal effective ways of arranging and designing equipment for rfficifint visual performance. 

These predictions will not always be completely accurate, of course, but they will almost al- 
ways be much mors accurate than guesswork -- even guesswork based ou pilota' opinions (because 
pilots lend to like what they are accustomed to rather than what will ensure beat visual performance). 

Some of the variables an engineer manipulates or can manipulate In the course of designing or 
redesigning the parte of an aircraft that Influence vitunl performance are: 

D "-jralton 

E. Visual Angle Subtended 

f. 3pall*i AiiuHuaiRni 


A. PoeHlwi 

B. Spectral Composition 

C. Intimsily 
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| To a certain degree, theie physical variable! are related to the visual (psychological) variables we 
I have "t»»ttoned previously. The engineer'# phyalcal variables conatltute what ia meant by stimulus 

* characteristics. The table below may prove heipiui as a summary u we remember that all of the 

i variables interact in complex fashion: 



— 
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\ Visual Variables (Psychological) 

Engineering Variables (Physical) 


1 Var’.r wis .if Image Posi- 

tion on Retina 


Rod-cone anatomical plot 

A. Position 


“ 


(Basic curve 1) See Fig. 8 24 



. "I 


'Spectral sensitivity 

B. Spectral Composition 


4 


(Basic curve 2) 



: i Light Discriminations 

* 

Brightness sensitivity 
iBsslc curve 3) 

C. Intensity 


? ? 


Contrast sensitivity 





(Essie curve 4) 




l Color sensitivity 



- 


Visual acuity 

E. Visual Angle 


- 


(Basic curve 6) 



- Spatial Discriminations 

< 

Dapih dtscrlm inallrm 





Form discrimination 

F. Spatial Arrangement 

U* ( 



imcvroswK mgrriixiift&tf'm 


1 

Temporal Duicrirninftuous 

- 

rTiciktrf jeMuivity 

Mk Mmastaaidis 

t 


We will give examples to show how an engineer, by manipulating either position, spectral com* 
position, intensity, Duration, vustnu angle, or spaliai errangeBwuti, nt»y «Um.i «J«fc of aijorufi 

personnel. We will show how he can deliberately manipulate Utc other variables to improve vision. 

Tile enamplcs will Ur presented in thin way: 

First, it will bo assumed that for some reason on engineer wants to change the position, spec- 
tral composition. Intensity, or some other characteristic of sons device inside or outside the aircraft; 

we will suppose ft. i the engineer Wants to change the posit ion of a not very essential warning 
light - - (o move it to the far side of the cockpit to make more room on (he instrument panel. 

Next, the effect of thin change will be examined In th? light of the five basic curves of visual 
performance; e g., "If ..amtng light la moved from central vision lo a point 40 degrees out in the 
field of vision, curve 4 bhowa that ability uf eye to discriminate detail is reduced." 

Finally, we will show how the engineer might make a second change to correct a bad situation 
created by his first change; e g., "Curve 3 shows that if the kiti mslty of the light is increased. Use ef- 
fect of moving it to the periphery of the field of v it. Ion will be partly compenssled " Additional curves 
and data will be introduced within each example as they apply. 

iScverat words of explanation and caution are indicated at this point. The examples In this chap- 
ter i seem rather extreme and artificial. The choices sere made with malice nfo rethought to 
show how lo apply visual data lo the- design of airplanes and associated equipment. Since ihc method 
employed Imre requires Die use of simple examples, It would be wise to keep in mind that any real 
situation ia highly complex. Yes, you can move a warning light to Ihc far aide of the cockpit. Whether 
nr not Pilot A sees it when he la flying a mission depends not only oji the characteristics of the eye, 
but also on what Hse the pilot is doing at the moment the light flashes on. it aiso depends on such 
Hungs as how long he has been flying, and, perhaps, even how old he is. Another pilol In (he same 
situation might see the waiting light when Pilot A docs not. Because of the n rUiludc of such influ- 
encing (actors in any real situation, the luminance, siae, and other characteristics affecting vision 
must be well above the threshold values presented in this rhapter. The add'tmn ol a safety factor 
should be kept in mind at all times -- 'is II Is in any engineering calculations. These examples are lor 
illustrative purposes only. The practical problems that arise in des-gntng and flying aircra'i arc dis- 
cussed m lalcr chapters of thia report. 


i 

i 

h- 
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Example A: Changing Position in Relation to Line of Sight 


To illustrate the visual effects of changing the position of a stimulus in relation to the line of 
sight, we will consider in more detail the not-very-sssuntial warning signal mentioned earlier. 


Engineering Change. Because the instrument panel is too crowded, the inf Sneer plane to move 
a warning signal to the far Side of the cockpit. The signal wares of a minor hind of engine malfunc- 
tion; it ronalats of a small, translucent red circle that la replaced by a rectangle when the malfunc- 
tion occur*. AmmHi L* umi ute pilot ia looking atraight ahead --at him Instrument panel or out over 
the nose -- the engineer calculates that the signal will now be 40 degrees from the pilot’s line of 
eight; its Image will thus fall on the retina 40 degrees away frotnlhe fovea ft. e., from central vision) 
The engineer hopes that the pilot will still catch the signal "out of the corner of his eye.” 


Effects of Change on Visual Performance 

Curves 1 through 5 (Fig. 9.24) help the engineer predict whether hit hope la Justified. He finds: 


From cu rve i , that rods and c cmea will be stimulated in a ratio of 16 to 1 by a signal 40 de- 
grees from the line of sight. 

From curve 2j that although rods and cone# are about equally sensitive to the red (long-wave) 
end of the spectrum, sensitivity is tow for both. Furthermore, the response at the rods is achro- 
matic; the red signet will appear colorless. 


From curve 8 , that the pilot may not be able to see the signal for some time if it ia dim com- 

Dared in lit* ilium Inat Lnm his MSI havj lull hau Bauud to • HrlarHf Sky, for However, 

curve S a! tows dark adaptation for the eye as a whole. What about the peripheral area we are con- 
cerned -with? Figure u.li includes Bdapuuiuu curve# tor various d ia tafic Ss from the fovea. While none 
of these are anywhere near as far out a* the signal we are considering, they do Indicate that dark 


a certain minimum time ia required for dark adaptation no matter where an object ia located with re- 
spect in line of eight . 


From curve 4, it can he Inferred that the rod receptors that will be used to see the warning 
light will discriminate brightness different os poorly. (The curve indicates that the amallei contrasts 
are discriminated with cone vision.) 


curve s nnd other data, that rHual acuity will be extremely poor in this region of the 
retina under both daylight and night -lighting conditions. * 

From the foregoing, it can be seen that a warning signal d esi gn ed to be seen with central vision 
on the instrument panel would probably be seen leas frequently if it were moved without change 40 
degrees into the peripheral Held. Let ua now aee what the engineer can do to correct the situation 

Further Engineering Changes to improve Visual Performance 

Earlier in this chapter, we listed six "engineering variables" -- physical characteristics that 
the engineer can manipulate to change visual performance. Let us consider whether the engineer 
can make the warning signal visible by altering each of these characteristics in turn. 

A. Position . Since his troubles ire due to his having moved the signal in the first place, the 
simplest e' T utlon"is to move it back to the Instrument panel. If this U not possible, ho may still find 
a place for the signal closer than 40 degrees to the line ci sight In this case, he repeats the proce- 
dures outlined above for predicting the effects of this new change in position on visual performance 


•For the complete picture on visual acuity, olhei curve* would have to be examined: curves showing 
acuity vs. retinal position (such as Fig. 9.2!)), a :ulty vs. wave length, and acuity vs. luminance values 
higher than those in curve 5. However, since this example is purely for Illustration, you can assume 
that acuity is poorer for 40 degrees and red light than It is for the SO” curve In curve 5, Figure 8.24, 

is «w«4 *J*«j It 4 mm Jtsi SlTi^ruTC ! JIulTuatiCn si 
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AstSiy i!» Swifwi Farto (X 3m are 

*» from Werttettm***^ 


^.as&mhb ss^v 

•**» ««Wer that red i. 

see C^r^iftc^ SJtTt) W «xWtaoo <*««« with the tJI yr of Illumination - - 

gromf iS^^mSasnL *"** P°" lw * ^rigmmrn contrut between elgnal and back 

*1”“ ,,*7* ff** flurrewndlgg th* aim] ehrmin be black raltwr ohm j^TTi.T” 

rriffllsatJofi ftthrirMn?.. diff^esees <s tiZ- ™.~*T J™ rawer iftaa fray or -white 0«. 

““« »«*■«» *» row *vi in* nna in taut area of the retina. 

d 0 M aot know ahead at tine when be will have *n ■«> ♦*» -i— ,. 1 *° ’*•*' Aad BlnC8 0»« plkrt 

*tapUtion in udvancr. Instead, the enf Inner mnat f ! r ? vltia * ”** *»»«*» lor dat*- 

with no adaptation. How^S^ * S VS> SStZ *5.*** T 

b*®o expoead to a nigh level of UivmliuUMi — 13 l«r uatta lur «T* *»* 

thereafter, much lower levela of tamlmmce - S 1 m ^ “ C *l*** / tmmmtUMy 

Since 10 3 mL ia close to the brightest condition* the bUo! la lihWv * d f£**, t ‘°" l ** aU> ' 

cloud topa In bright sunlight (nee Fie 2 is e\" ** encounter — the lam inane e of 

theory (Ssuznir^ JSriTwttf the SeS^l ^ m > **“ * br ^ «*«**> it* 

to be wed, the signal should be made ^ P^i^n* °* the ret tea la 

reduce the bright^. of the etgmltt n£Tt ***’ * ** A “■*» «" »* Provided to 

frllity of the eicnaMa ! o ^c^fp llTiilgg^ )L£f n ^ *r ro*cfl U.^^i ***- Vt,t ~ 

"* th * ch * nc « ^ Oi~rte.te.tte, a change in .if*.] ^SShXSSx *“* ta 
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Thtji, I npsi It 4o Mgr*** will toy* to subtend JO Utasa u U(i visual Mglt as one on th* inetni- 
KMI panel to bo ara with the want U witi nave to bo >0 times u big (in linear dimensions', 

plus an addition) amount to mahe up tor Increased distance from the pilot. 

P. Shjpe. It will be remembered that the w*j-iung eifnai ia a circle that chance# to a rectangle 
when mrlfiaictTon occurs. Can the engineer tecreMi the effectiveness at the signal by changing its 
shape? Earlier, we pointed out that form diecriiatutloa depeada on a number of rariabtee and ia dif- 
ficult to analyse. However, one laboratory experiment lit* the warning signal situation neatly: 

In an experiment®-*! on peripheral form die crimination, tits apparatus Included a perimeter 
toer Fig 6.6, Cnrpter 6) with a red fixation pc tat, Backgrosstd was provided for stimuli and stimulus 
rler. (Stimuli were translucent surfaces In the forma of a circle, triangle, diamond, hexagon, rec- 
tangle, and square, each having an area of 16 cm*. The brightness of each stimulus wee 144 mL, 
Distance from eye to etlunlus was 60 cm. Three subjects were dark -adapted for 45 minutes end then 
made observations for one hour, using both vyefi. They were given a "ready" signal before the forma 
were shown. They were asked to name the forma as they were presented. The forme were presented 
in chance pairs -- i.e., sometimes identical forma and sometimes different forma were presented. 
Both forma of each pair were shown at the earns angle to left or right of the line of eight, one of the 
pair In the upper quadrant of the visual field aad «w in the lower. Discrimination was tented at 10- 
degree lntorvaie; each prir of form* was presented (l) three limes at each 10-degrse interval, be- 
ginning at 20 degrees from the center and proceeding toward the periphery. (3) three times at each 
10-degree Interval from the periphery Inward, (9) two times out, as k (1), and {4} two time* In, as in 
(9). The outer limit of the field was takes as Uk MMtegreetaterralxt which subjects reported they 
could discriminate enthl as r gmsej spots af lb**. 

There were fewer correct discriminations as extension toward the periphery wan increased. 
Percsiii Correct a leu varied aa a function of the geometric form used as me cumulus; relative rank of 
the eix forma in thn eSintn field tsveat^ated, *s terms s! psrs e£t atssrsw, •sasii irkafls. £5%, dli. 
mnnd. 75?:: square, *5?,; rectangle, ST*,; circle, 873,; hexagon. 401. 

Thu experiment indicate* (1) that changing the shape of the Signal to a triangle or diamond dur- 
ing the "on" period would make U easier to recognise and (3) that at 40 degress from the line of eight, 
a waning expressed only as a change of shape in the signaling device will go unheeded much of the 
time; a change in brig h tness or some other characteristic is required. 

Conclusion. The foregoing discussion dose not of course exhaust the possibilities, The engi- 
neer could, for example, investigate the effects of using a flashing light or a bcoaer or bell instead of 
a steady visual signal. Furthermore, in situations Where visual performance was critical, a more 

uttailfd sigiysis 5f sprs rlsuai rtztz ^c«ad &£ «KuSS*ry. 

As a final step, the engineer could have an actual warning signal device made and try it out 
under conditions slmulatlr* those ol an airplane in flight an closely as possible, using enough subjects 
and enough trials so that he cruld get an tndlratton of <ta reliability. 

Example B: Changing Spectral Composition (Color) 

Engineering Change. R»nw*y lights are usually white, Uxl lights blue, and edge and obstruction 
lights red. ~Buppi>ae the blue has a wave length ol ft* mp and the red of 67S. If the engineer decnioa 
to change the runway lights from white to an "orange" ol wave length 650, what will happen? Pilot 
may Ml an obstruction, since rod end orange light* are often confused. 

Effects of Change on Visual Performance 


U white la changed to orange, as in this situation, the engineer can predict: 

Front curve 1 (FI* 8.14), that since the pilot may llaate the light directly -- with foveel vision -- 
the image v£!l falTis the reglcA os maximum cone density on the retina. Thus, the pilot will be able to 
use his ability to discriminate color to the fullest. 


Krrm curve $ (Fig. 6,34), that to the origin si situation, the red wan lees bright than the blue 
(assuming that thir energy at the red was not stepped up to compensate tor lower eye sensitivity to 



red). Other viau*ld*ta can be cited UeiKls 
brightness difference** TS UMeolor coding. and they will not be picked up at any 

greater dtctanc e. Tbe chsnees are thus 41,7 

*w-« 8 . 14 ' that If the intensltyof the light* ia high enough, the pilot wUl *ee 

of about 8 log unit* wiL, or about 0.1 mL). 

From curve 4 (Fig. 8.24), that contra*! is probably sufficient, since we have the source 
against a chirk background. 

Curve 5 (Fir 8.24) visual acuity, probably doe* not apply, since at a distance, lights of stand 

<*T *UUV to dfcrtototo them i. » luocUon ot Men- 

sity rather then visual angle svfcteaded. 

Further Engineering Changes to Improve Visual Performance^ » can be 
ing that, if orange must be used for runway lights, It may be confused with red. If ^ 

engineer can^nipulate other variables, a* he did in the previous example. Let us cons.de r three o. 
these variables: intensity, visual angle subtended, and spatial arrangement: 

Intensity. H the intensity of the orange runway lights is increased, so that toey are a^reciably 
brighter thanthe red obstruction lights, the difference in brightness will again help the puoi tell the 
two apart. Whether an increase in intensity will make the colors easier to discriminate is another 
question. To answer it, we will introduce some new data: 

Figure 8.28 shows that yellow lights require the greatest intensity to be identified correctly 90 per- 
cent of the time. 8-8 At low background illuminances (which may be assumed for runway lights), 
white can be identified at the lowest Intensities, and red is nearly as good. However “ * “7 

ferredfrom curve 2 (Fig. 8.24) that the threshold intensity for detecting a light (as a^lnst discrimina^u ^^ 
it from lights of other colors) is higher for red than lor lights of other colors. It Is important _ note 
that the data in Figure 8.28 applies only vhe n the observer knows the location of the si^al. When the 
observer knows only the general direction of the signal, the threshold values should be doubled. 


In the study® -8 that produced the data for 
Figure 8.28, it was found that red is rarely con- 
fused with green or vice versa, but blue light is 
frequently confused with green, and yellow with 
red. It would be expected that orange would be 
even easier to confuse with red. Ibis is borne 
out by Figure 8.16.8-4 fa the red portion of the 
spectrum, so great a difference in wave length is 
required for two color samples to be distinguished 
that the threshold difference does not even show 
on the graph. Other studies have revealed that 
reds must be 20 millimicrons apart before the 
eye recognises that they are of different hues; 20 
mr is almost the difference between the orange 
at S50 mu and the red of 675 mu that are being 
•considered in this example. On the other hand, the 
blue of 476 mu could be distinguished from a blue 
of just a tew millimicrons higher or lower; it 
could easily be distinguished from tr. orange or 
red some 200 m u away. It must be remembered 
that the results for Figure 8.16 were obtained 
under Ideal conditions; the color samples were 
presented slue by side close to the observer and 
under good Illumination. Where the colored lights 
ar.' ^me distance apart, as on an airfield, and 
where atmospheric conditions will usually Intervene 



BACKGROUND BRIGHTNESS IN LOG CANDLES/ FT 


Figure 8.26 Illuminance from Point Sources 
of Light Required to Identify Color Correctly 
90 Percent of the Time, Plotted for Four 
Colors as Function of Background Brightness 
(after IIillB-8) 
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to be"gra^Ttii^thoM izTpJpitw t Ji^obe Jla- 
tlngtdehad as separate hun. 


i Visual Angle goUsndwd. Th« engineer can 

laeraow M iuw of «U Hurst lights (laid, run- 
way, and obstracttoo) to that instead oJ being, In 
effort, point source*, they subtend u appreciable 
angle at the pita's aye (*.§., tnmataeuat panels). 
Thla will Incmit their affective brightness, and 
the dlatanca at which they can be aaco, an is 
ahoara bp the following data: 


I 


The graph in Figure t .tt ahenra Mat large 
areas are much more visible than aaall areas of 
equal ftuataanea. If the Ituwme emitted par tult 
a *aa (i.e., the luminance) aw bald ecaatant, the 
target with the larger area will obviously emit 
the greater total member of lawns aad thus da. 
poett the greeter number of lwa s a sattltaeyo.*-» 
a ie inter sating to note tytai the cum In figure 
1.87 has the him shape sad shows somewhat thr 
sans values as the O-dsgrse and 4 'degree curves 
in curve I, Figure 1.14, which show visual acuity 


l niisneMetMa < 


luminance of so tree. 


Another study was mads of tha dolor eoa- 

luSiQwa tS nunuil tSaOwrverS Ctw^rigg liiiiil 

paired circular stimuli eubt muting 2, 3, S, and 7 

“UiUiCS u» ViSlial TiVc fSSuliS SsuSrcd tail 

cortuaioM wars reduced ae the else of the stim- 
ulus wee Increased from 2 to 7 minutes.*-** 
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figure S. 27 Minimum Visual Angle a Light 
3 wiliCi CaSSmxSSlSiuuil: ~j~- Slid Si'U SfiCu, 

Plotted as a function of Luminance of the Source 
(date from Leah ft Pridestix*-m) 


Spatial Arrangement The engineer can help the pilot distinguish runway und obstruction lights 
by errengfng Umm In distinctive patterns and by keeping the two types as far apart as possible. 


Conclusion. The discussion In the foregoing paragraphs shows that the engineer would be un- 
wise to place orange lights lr. the same area a# red lights wfc*e it le important that llte two be dis- 
lingula had fvom each other (Le., red moans obstruction and mtaat be interpreted as such); further, he 
should not choose two colors that are cioce together in dominant wave length. It further shows that if 
the colors of two kinds of lights might be confused for any reason, tha engineer can correct the situa- 
tion as follows: (1) Re can improve the chances that the coiora will be recognized by increasing the 
Uitenelly or size at the lights. (2) He can decign the lights so that they can be distinguished on the 
basic of arrangement, relative Intensity, or some other characteristic besides color. 


Example Cr Changing Luminance 


Eii gtoseritig Chang e. In a day interceptor, the pilot has the Job . * scanning the day aky tuvd the next 
momer? del ectihg pipe on e radsmeope. The scope, because it ia directly in front of him, has to be 
email. The scope face le dimly illuminated with yellow -freer, light, sod pips are green. There are com- 
plaints that the pilot requires too much time to adapt to scope-face illumination after scanning tho 
bright day aky Be, the design engineer stops up the llliimlnaUan of the scope face. Wind happens? 

Effects of Change on Visual Performance 

As in Example* A and B, the engineer can predict the reeutta of his change from curves I 
through tt (Pig. t.M). H he increases the luminance of the scope face, he finds: 

From curve L that since the pilot will be using central {foveei) vision, he will be using only 
cone receptors to fixate the ptps on the scope face. 
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From cur-ej, that raising Intensity is « better approach to the problem t 


"" »«* «m«r most sensitive us the yellow-green portion of the spectrum, 

From c urvgj , that lm time wUI be require for adapting to this railed level of Illumination, but • - 
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Figaro 1.8S Tits Lswsst AsaUed SiwiMKr 
Required lo Prsvenl a Radar Signal From being 
Detected (i.a., Threshold Hawking Lwateanre), 
Plotted u a junction of Signal Luminance 


A trae* IS India* long vh iwwri » 


ine signal. {iron Adler et all -2 


One question remains: bow will ambient illumination alfeci lbs visibility of scop* lace and 
signal? Whan a radar opart tor la required to writ la illuminated surroundings, amblant light re- 
flect ad from the face of tbs cathode ray tube may mask scops signals. 

Flgura 8. 38 shows the results of on experiment which was conducted to find oa bow much am- 
bient luminance would fast prevent a signal from being seen. The signal was a line 1 9 decrees long, 
in vis us] itself * 532 X 2 of very l&g ;UESiS££CS (S.Z KL) arc- masked bjr iuifcioiii iFntaina- 

tlon of slightly lower lumlsaitfe values at the iwf* fees, As signal luminance Increases to somewhat 
higher values, ! much greater proportion at ambient l u m in a nc e Is required to mask the signal. At 1 
mL (0 log units), for example, tbs signal can bs stm against masking Illuminations up to 10 ml. As 
signal lumtManess incises# further, however, the massing luminance threshold Increases at a de- 
creasing rata; it reaches an asymptote at about 1000 mL (8 log units). Thus, when ambient luminance 
is In the order of 1000 mL, It becomes impractical to make a cathode ray tube signal bright enough to 
be seen.®-* 

Figure 8.38 alio s-towa that when a signal ut 80 mL (1.7 log units) is used, tunbluut luminance 
must be kept below 100 mL; otherwise the eigaal will not be seen. And since background luminance 
will be 30 mL, ambient luminance should probably be lowered still further, to leee than 80 (be., 100 
minus *)> mL A shield against ambient Ulaminatirei *« therefore indicated. 

Shape of signal, la addition to ebsaging color and brighinsre, the engineer might make tbs pip 
eerier to doteci by design lag the bqmt to change Its shape. He might also make It bigger, but the po- 
sition of ■ large pip caiMiet bs determine') accurately. 


Figure 8.80 shows minimum contrast that can be dleterntd as t function of are* for rectangles 
of five different ebepne From this graph, It Is imrsnl that a pip of a given area can be seen at 
tower f»itra*ta as It* shape app ro a ch es a square.B-34 





Figure 8. 3'» Effect oi Area of Rectangular 
Stimulus on Threshold Contrast for Viva 
Ratio* of Length to Width of Rectangle 
(after Lamar at *i#-S4) 

Bamiyl t ft m* 



Figure 0.31 Intensity of Just Visible Flashes ol 
Light u a function of the Duration of tha F!eah 
(altar Ch»p*&u8-lS) (date iron Blwwiel 

aadRayi-U) 


, For rtfaetts^iateeuruittfiit,tMposjaoflcf tfcefualshipiagiven by radio, but 
HsrssiS K «m <4 «■* ml On? wi wte vuiMuiqr rage. u me aagioaar changes * he foal 

«fc*p l«f^* >"■«» ■*—*» ml*tm lit?** tn u n **!:!■** Itefct ntH>* »»*4» trttt M k» ? «'i” 

tea cmnna in trodwea l^utetewVa^* ili viattti p-rterjBSBM ? The following disoussloft imn huw 

h* oouid go about finding out. 

Effects of Changa an Vteaai Partomaaca 

To protect tha off acta of tea flaaldagUgM, the engineer again turns to curves 3 through 5 (sac Fig. 1.24). 
Ha finds: 


Fwaan cwraal and y.ttathacawaa tea rods aramoraaaaaiHva than tha eonaa feu rvo».thav will nick 
uj> tlw light at a much (ranter distance than U* cum*. Therafora, tea eye will pick up tha light where rods are 
concentrated, bob* 10 deg re e s from tha fovea (but* 1), and slightly off -caster fixation will follow, A fluh- 
isg !tg*t , hgygy gr, sloths is sjussfiuoSpeilom iSuannstri during tha ptior a scanning that tea image 
would full on tha more perttosa ti Ms retina; the flashing light would than not be detected as ter 

away an a ataady light. 

From curve 3 . that tf pilot tes ts*u obaarviag a radaraco^ wruaa brightness la in tha ordar of 30 mL 
(9V 10-10 W L), he will ^e«d time to dark-adapt before ha can datactadim, distant fuel -plane light. 

Curved doaa rot apply dl rectly , since It shows contras t threaholda for dark object* of finite alia a • - 
galawt light bnctagr wttda. However, contrast would b* at a maximum with a ataady whH® light at night; in a 
aanna, it la reduced somewhat V» tha uae of a flashing light, since no contrast astets whan tha llyht la off . 

Carve ft doss not apply: acuity is not crucial in Utls detection tael. 

Iwrthar Engineering Changes to Improve Visual Performance 

Other variabiee that can be manipulated to improve tha situation are the Intensity, duration, and sice 
(visual angle subtended) cf tha stimulus. 

Intensity can be increased to <mhc flashing lighten TteifaU as steady light 

Duration. Tha engineer could manipulate tea frsqmracyaad duration of fleshse to lncroaas the visibil- 
ity of the light. Also, nMuimJgbt be provided for fee pik* to dark -adept before be begins to scan iortba light. 

The following data will shad soma tight on tea affects of manipulating intensity and duration. 

The stsdy chess rofstU srs ahuwu m 71* «r* a.Si m concerned with tea intensity requi rad to sea a 


light whoie location wee known. Under th#»# cfrcumataueea, a flaah o( light that lasts lees than about 
a half-second muat be much more Interne than a steady Sight to be teen. A flash that laata haU a 
second or longer la alsnoat aa vlathle as a ateidy light of the fame Intensity. When the location of the 
light la not known and the observer muat hunt for It, aa In our example, a large aalety factor muat be 
added to the minimum values given in Figure S. 31 . 8-33 

In another study, complex reactions to steady and flashing lights were determined at high con- 
trast a such aa exlal In our example, fl was found that steady light aignals were more conspicuous 
than flashing light elgnaU.B-33 

in atill a third atudy a recant preliminary one --detection times were compared for various 
flash ratea, on/off ratios, and differences among Individual subjects. Flash rate* were 40, 00, >10, 

100, and ISO flasi.ee per minute. On/off ratios were i/2, 1/1, S/1, S/l, and 4/1. Red and yellow 
wing-tip lights were simulated aa Ui*y would appear to a piled about two miles away from another air- 
craft. Flash rate was found not to be a factor in detection time, but on/ off ratio had a significant ef- 
fect; ratios below S/1 were better than those above S/1.8-34 


Visual Amtle . The ring Inner can increase the else (and thereby the total energy emitted) of the 
signal. As in Example B, dealing with runway lights, the engineer can increase the eiae of the fuel- 
plane light to make It In effect an ext ended source rather than a point source. This Will increase Its 
visibility, as explslnsd under Example B and illustrated in Figure 8.27. 

Example E: Changing Visual Angle Su b t ended 


The example that follows deal* wul< the effects uf mti engineering change that wiii change the 
minim tun distinguishable acuity. This and other types of visual acuity have been described earlier In 
iota chaplet. 


Ssrinegrim, Cl*tv nf* - ; ... pirn oi ni UUI la itutrm uj un iiuomc ui uisu* rejuirou 

on ea imtrutnei^ smeel and by the permissible panel else. The engineer has the problem of nrnvirting 
mors Information on s dial that has Sight letters sad numbers against a dark background. Accordingly, 
he reduce* the else of tbs lettering severely. The pilot la still expected to distinguish the letters and 
numbers. What will happen? 


■ of as 


ial dial Is limited by the number of ubU required 


Effects o I Change on Visual Performance 


Again turning to curves 1 through S (see Fig. 0.34) the engineer finde; 

Pram curves ! ssd 2. that, provided the correct colors (1.6., wavs Isagihc; &rs Cuvm» Ana inn 
dial le illuminated brightly enough, the emit* will be able to respond. Thus, the pilot can use central, 
foreml via loo to reed the dial. The graph in Figure 8.25 show* that hie trieuei acuity will be very much 
better than if he uaed peripheral, rod vleion. H nrever, below a certain letter else for any git mi lu- 
the pilot will still not be able lo read t ie dial (eee Fig. 8. *7). 

From curve 3, that if the pilot le adapted to a fairly low level of illumination, hla tblllty to aee 
a dim dial cone vision (a* well ae rod) will be tacresead. 


From curve 4 , that numbers and letters may not be dUIU^ulshahle from their background. 

From curve 6, that, at few fefeinsncee, they may not be Identifiable 
Further Engineering Changes to Improve Visual Performance 

If the engineer ha- - - course out to reduce letter and digit sise, he can Improve the situation by 
altering, for example, U» spectral composition or luminance. 

Spectra l Co mposition. P he seiects a goo.’ color -- preferably white — and transfUumlnate* 
the letters awl digits (that la, puts the light behind , "'m), he can add color contrast to brightness con- 
trast to make the letters ataad out. The situation Is su. - n identical to that for Example C, above, 
dealing with a radar a cope; see the atudy*- 20 cited there. 
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afble contrast. Consider the following study: 

Recognition time u a function erf digit sis* and brightness wss determined for white dial-type 
digits on a dark background The brlghtneea range was from 0,003 to 0.5 ft-L. Average recognition 
time wider the moat favorable conditions tried was about O.t second. As eUe or brightness decreased, 
recognition time Increased, el first ■ lowly and then more rapidly. In other words, when site is hold 
constant, less time is required to see al higher luminance UveJe.8-1* 

Example ¥: Shape and Spatial Arrangement (Parallel Lines to identify Aircraft! 

There are many ways of varying shape and rearranging objects and display* The following is 
an e> —ole: 

Engineering C hange. Let us say that it hat been suggested that a good way to make planse iden- 
tifiable la 15 pa Ini a different number of parallel lines on the fuselage of each type of plane. But the 
fuselage la not large enough to contain a (real number of parallel lines unless the lines ere placed 
very close together. If ret reflective material Is used, parallel line* very cloae together appear as 
dark on r. light ground In daylight and luminous on a dark ground at night. 

Effects of Change on Visual Performance 

Using curves 1 through & (see Fig, 8.84) to predict whether s given number of parallel lines ran. 
in faci.be seen clearly enough to Identify the aircraft, the engineer finds; 

From curve 1 , and also from the visual acuity curve in Figure 8.25, that I uveal fixation ( '.ones 
only) will he required both day and night. 

£•- . — lki-< - - l.naw *w ..Ml Vf ..I.t.f «iwartaatiu.. 1. ..... I r.. m. 

eti mu mi it a- u^i sstt iMir in sau mattr.t. u « a u a ci,.Atu tau£ mtt eumtCi txu is ae Si . iu. £** 

iiiv Cunt rcCvpiur* a'my nut be nuuiilaltu ikhm|h til uuftCt the liiiti, cither by uiv Of night. 

From curve 3, that If rot collective meierlal of any color le not luminous enough at night (above 
about 0.1 miUUanibert), the canes may not re s pond adequately, though in daylight their reeponer will 
be rapid. (In Identifying a moving aircraft, one cannot count on having even a brief time to dark-adapt.) 

r-r,m curve 4. that as luminance Increases from night fo day conditions, a lower contrast ratio 
can be dl ii.-IaiTnaTCd. In tftia case, contrast ratio must not be too gro*t even at night, since we are 
dealing with luminous objects. 

r i om curve a, thu even li luminance is nigh enough tor cone* to respond, it may not bo high 
enough f ir tile symbol to be identified At daytime levels of llluoibwlkm. visual acuity may be ex- 
pected to He better -- within certain limit* Imposed by the distance at which the plane Is to be Identified 

Further Engineering Changes to Improve Visual Performance 

If the engineer must pul parallel barf rinse together, he will have lo manipulate other variables 
so that they can be discriminated- While he probably cannot expect identification st tny grest dis- 
tance, he can Improve the situation by msninolatine spectral eompeultlon and luminance. 

Spectral Composition. By choosing material that reflects the wave lengths to which the tones are 
moat sensitive, be wifl belp the cones o pick up the symbol at maximum distance. Indeed, ny moans 
of curve 2 (Fig. B.24J and the hue discrimination curve. Figure 8.10, he might choose two colors that 
the eye can both respond lo easily and discriminate as separate hue* -- blue-green (A * 800 m|i) and 
yellow-green (A = 580), for example. Then, be might use fewer linos and "color-code" the plane for 
better Identification. 

Luminan ce an d B rightness Co..irast . To determine She correct contrast range for day and night, 
conalrfeFtfieToIItcwing’data: 

Figure 8.32 t piles to daylight, when the dark bars are seen against t brighter background. If 
it works out, for vxample, that each bar and each apace between bars subtends a visual angle of 1.4 
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2.32 Psckrround Luminance and Contrast Ibauirod Ia? Qsr* ffuh$«wlj«g 

io be Seen Under Daylight Condition* (after Cobb sad *|qo*B* 17)‘" "~ v 


minute# at the rwpured recognition distance, 
contrail rnuat be 50 percent for the individual 
bar# to be discriminated at a background lumi- 
nance of 1 mil Humbert. !t can be seen that for 
Ure u.torstedtate range of visual angles covered 
In the graph, background lumlnwvce la the least 
important of ihe three variables. Figure B. IS, 
however, shows that ss the Ilium fetation of the 
bright btra increases beyond about I I photons 
(0.5 log units), the ability of the eye to dUcrltn- 
ins'.o between them begins to gel worse Instead 
(4 better. In other words, reflecting bars by day 
and luminous bars by night must bn Urlgh* enough 
but not loo bright; the range of suitable values Is 
narrow. The treasure of visual acuity In Figure 
8.31 is the smallest distance two bars cut be 
separated and at HI be seen as separate, ex- 
pressed in visual angle subtended by that distance. 

A factor that will influence the ability of the 
eye to resolve detail ia the relationship between 
the luminance of the visual task area and the lu- 
mlnMive of the ‘'surround" ** the general area 
surrounding the tula area. In o)<r example the 
visual task area la the fuselage of the aircraft 
ugwm whlth the parallel bars appear, while the 
"•urroum 1 " 1* the aky bathgrewtd. Figure 8.M 
shows th# "fleet upon visual acuity when the to- 
rn tnance of the surround vwrlea from I mu th** 
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Figure 8.33 Ability to Discriminate Bright Barn 
Against Dark Background 

Plod od as a fund Ion of ret Inal illuminance 
from ban; ability to discriminate dark bars 
age Iwrt bright background, as hmcticti of tl- 
l«m»ntaics f root backg r o un d, (after Wilcox 
S-SSi 
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Figure ft»34 Sow Visual Aoutty Varies With the 
LumintnC* of Be tHWlS SlWWi eg Am 
Vtw n tta iwiMnii ill Wnu w Sa CaliSiS 56- 
ing Looked at hu > uwok Luminance of 12JB 
E OB trui pm Fom-'CudtaB biter Gtaper^w®' 19 ) 
(date frost Lythgo#*- 1 ’} 



Figure 8.36 Visual Acuity as a Function ol Kei- 

allve Movement Between Observer and^ Target 
(data from Ludvigh end wiuier*-S»j 


that a f the vss area ir. grsaier, R call bs seen that acutt 7 is best when the tew hua'n-?’?-!? tetaea m> 

snsroclmeuity usual: it tells ott rectdlf aa tee beckf rcamO li.mi.ewc* t§ raised stave the task lumi- 
nesce. Therefore, U tee Mure are to be dtecrimiaatad ween the tueatege is viewed in snufcnc against 
h bright aky, ooatrrxt meet he Increased; otherwise rwaynltian distance wlU be decreased. Date 
from different vRperii a s at e conflict cm the effocts oil summed bri gh t n ess as tower than that of the 
task area, tat a general rale If to noM having gumnsde lee* than one teeth es bright ae the central 
field. 


am another factor teat will reduce ability to discriminate the parallel bare la relative movement 
between the observer's aircraft and the aircraft to be Identified. The raltetonahip between visual 
acuhy aud ita angul ar nmiqr a i Esmrtag tergal Li UouSli'wml m Fag*rs S.Se. In ?£S5 S5g£?lSSSa, the 
observers were raked to di scrim i nate tee ortrmatioa of tee gap is alsntoh. ring maiteg hpriaortaUv, 
The aovtag object wee visible ter 0.4 neomd at aa optical d totem ee of 4 arete ra under Si foot-eandlM 
of Utan tael ton Figure t.M shows that visual acuity is r sds e ad rmyhlly with tacraealeg aagular 
velocity, and that tee rate of reduction increases wUh lacraaalag angular velocity. 

SUMMARY OF TECHNIQUCS IN SOLVING VISUAL PROBLEMS 

When you have design problems for which bo sppUcabls research or operational Information 
exists, we suggest test you: 

1. Determine the visual functions required ofthe operator, ae described in the foregoing images. 

2. Determine the to it ramie limits teat must be maintained for proper performance. What are 
the criteria for operator performance? fathers* job analysis? What safety factor must be provided? 

S. Determine the panunetere of the operator's etrriroontent that can Influence visual per- 
formance related to tela problem. 

4. Determine the design elements eabjvet to engineering modification that nay Improve the 
factors in ilea 9. 

S Determine the "cost" in vo l ve d ta modifying these design stomata. Tlwneenbnr teat the 
relation between physical varl abl ee sad psychophysical petterwance is fregandiy noaltoear, ao 
that (he uiodtfteatfen tney nwulre a dteeroeertteaete increase ta certain factors to oblate a 
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given degree of Improvement In performaiu'e. Remember also that pert of the "co*t" me; be offer te 
lending to impair cither function* (e.g., raising illumination on one dial may Increase adaptation time 
(or another dial). 

0. Select factors to be modified and feasible ranges of modification consistent with i.tma 2 

and 5. 

7. Provide, if possible, a iemiopa rational mockup for study of designs under consideration, so 
that yot' will not have the expense of going through Uie production steps and flight teats with question- 
able designs. The more environmental factors incorporated, the more precise your conclusions can 
be. However, completely realistic simulation of external design features (a not always worthwhile; 
the important thing to remember la that the simulator must resemble the real thing in terms of the 
functions involved. 

In the past, research on display characterlatica and panel arrangement, for instance, was either 
of (ha laboratory type, in which a single instrument was tested in Isolation, or was In the form of flight 
tests, the only data bemg u,' opinion of a small number of experienced Individuals. However, with the 
advent of training simulators, the analog computer, etc., it la now relatively easy for the engineer to 
experiment on his own or with the aanlxtance of a human engineering organisation. The influence of 
one instrument on over-all performance or the efficiency of a whole instrument system can be tested 
under realistic conditions. The result ia objective measures of performance that are relatively «e- 

SSSlal and !in ia >« 

SPECIAL FACTORS INFLUENCING VISUAL PERFORMANCE: 

Visual rnmieme Dus to Acceleration 

The high sccslsraUs^ acMavsd by aigfe-penorSsSfiet =; reran css obscure a piiors vision over g 
Ercst rsssy raises. Wheii *u aircraft turns, puiis out of a dive, rapidly enters a climb, or executes a 
Imp. radial acceleration la produced The for?? is applied F erp«KMibui«r to uic tan- 

gent of the curve- It is directly proportional to the mass and the square of tangential velocity, and 
inversely proportional to the radius of the curve, ft Is Pleasured In r>, one g being equal to the pull 
of gravity on a stationary object. The physiological effect is due to Inertia, and works in the opposite 
direction. Positive g is applied when the ptlot'a bead la toward (he center of curvature, a* in a normal 
turn or dive; the blood is forcod toward his feet, and the vision is first dimmed (grayed-out) and then 
blacksd-out. When hla feet are towa'rd the center of curvature, a* :n an outaide loop, negative g le ap- 
plied; blood is forced toward the head, and the more dangerous red-out may occur. When the force is 
applied from Cheat to back or vice vsrsa, as in llnetr deration, trannver#** tc la applied; bleed is 
forced tasard the pilot's bach or front, and the pilot's tolerance to acceleration t« much The 

view! effect of any type of acoek/rattofi 1* a function of time aa well ai the direction and the amount 
at force. 

Structurally, high -performance aircraft can nearly always withstand forces well over six posi- 
tive g. EM what about the piicvt ? At 2000 miles an hour, an aircraft could not turn in a circle smaller 
than 16 mUss !n diameter. About six g would be applied, and nearly every pilot would be blacked-out 
during Uie entire turn -- a total distance of more thau 56 milea along the flight path I Even at much 
loww fiCCvUiH liens, vision is seriously impaired. For Instance, In on* study u was found that pilots 
tried to read aa many diala at three g as they do at 1.5. At three a, their reeling* were 24 percent 
wrong, against IB percent at 1 5 g •- a atatlstlrally significant difference. 

"G-suits” can counteract positive g by applying pressure to the lower part of the body, ojipoalte 
hi the g- force. Those devised do far Increase tolerance an average of 2.3 g. 

Other Causes of Visual Problems in High-Performance Aircraft 

Other causes of impaired viaion are at work less of the time titan apeod and acceleration In 
high -performance aircraft, but their effects can be equally damaging. For example, hypoxia, a low- 
ering of the oxygen supply in the t issuer, will never occur under normal conditions, because pilot and 
crew are required to t ah* supplementary oxygen above 10, COO feet during daylight and from Uke-ofl at 
night. Rut the simply of oxygen may fail, and if thla occurs, vision will be affected earlier and more 
severely than other sensory processes. The degree of Impairment Is greater with higher altitude* and, 
to a leaser degree, with longer duration of exposure. 

Another problem is a dark cockpit at high altitudes, where the aim appears as a bright apot of 
light in a dark sky. There Is I ear dtffuaion of light from above than at low altitudes, and instruments 


not directly tn line wit h Ow» sun's rnya ere p n nrly l ll ii m ti .stu . 1. Visi nm>crnme* worse when llRht 
glare* from • my or of cloud* bslnr the aircraft, loairumenta may therefore become impossible t« 
read st high altitude* in broad daylight unless they are lighted artificially. ®- s l 

Still another problem la altitude, empty field, or night myopia. Wtan a pilot has no land, 
light*, or distant object* on which to focus, he may accommodate for something very close without 
realising he is doing It. He I* temporarily myopic -• noar-aighted -■ and for practical purposes, 
"blind” to objects out in space. Ho may fall io see other aircraft in hta central field of vision not 
far sway. The answer to this problem m*y Ho In training pilot* to consciously relax ihoir eyra, so 
that they focus on Infinity. 

High skin temperatures are net developed by today's standard military aircra/l, but (hey be- 
come a grave problem as speeds gel Into the higher mach numbers. It has been estimated lhai air- 
craft going 2000 mile* an hour would develop skin temperatures of 600'C (II I 2 T) Vision la not a 
critical element in withstanding high ambient temperatures; the ayes can withstand exposure ,n the 
hottest air the lungs can breathe, which la 34Q*F for 15 to 2S minutes. However, refrigeration be- 
comes a necessity tl very high speeds, and with 11 cornea the problem of designing thick, Insulating 
windshields that do not distort or obscure. 

For structural reasons also, designers lend io make windshields thicker, and. for aerodynamic 
reasons, more streamlined as speeds gel higher. Optical surfaces slanted to different degrees, so 
(hat the (wo eyes are looking at different slants, can produce measurable changes In the ability to die 
linguist) email objects. In addition, both curved and slanted surfaces can produce reflections that can 
mislead a pnot seriously, and curved surfaces must be carefully designed to keep distortion »> a min- 
imum. Similar problem* arise In d sr.ifti vtsara w«££!'r 

Other, more special problems arise in high-speed flight Light rays sre bait * liiiie as they 
»■# through thi optically denser air in shock wares, causing an apparent displacement of objects 
from their true position This fMgslacaau vsriee fvos speeds of mach 1 to m»ri. ' Lcw-fre<iUirm.-y 
vio rations Tiii rrW) blur vision transiently ■* the sound barrier is passed. 

Effects of Smoking 

The most Important reaction to smoking le loss of sensitivity to light. There may also be some 
restriction of the visual field. 

The chief offending element In tobacco smoke Is not nicotine but carbon monoxide, which enters 
the lungs when tobacco smoke la inhaled. Blood takes up carbon monoxide from the lungs 310 times 
more readily than It taken up oxygen. The blood become* 1 percent saturated with carbon monoxide 
after only one cigarette (assuming 1 to 2.8 percent of carbon monoxide In the cigarette smoke!. It will 
be more than 5 percent saturated after several hours of heavy smoking Furthermore, Carbon mon- 
oxide leaves Use blocs: very slowly, it takes six hours to eliminate half the saturation, and name 
£> xbon monoxide is still present In the blood 24 tours after heavy smoking. 

Carbon monoxide in the blood means less oxygen; »o the effects of smoking pantile! those of 
hypo* 1 *- hi a sense, smoking adds to one’s "physiological altitude.” Figure 0.M shows the effects of 
one. two and three cigarettes on visual brightness thresholds. Nofe that three cigarettes are equiva- 
lent to more than seven thousand feet of altitude as far aa night vision Is concerned, and that It takes 
over fifteen minutes of breathing pure oxygen to recover the sensitivity thus lost. 

Effects of Drinking 

Alcohol In ihn system also produces symptom* like those of hypoxia. The effect of alcohol Id 
the blood is to make body fissues less receptive to th# oxygen in the blood, Therefore, the oxygen that 
l» prosunt cannot do It# worh aa effectively. 

Drinking reduces depth perception and ability to distinguish between different brightnesses, and 
n shrinks the visual field to some extent. Heavy drinking reduces light sensitivity. These effects are 
added io ihoee of hyponia at any altitude to increase the "physiological altitude.'' 

In addition to Its effects on vision, alcohol reduces efficiency of motor performance and ability 
to think clearly. 

Effects of Drug# 

Drugs taken to cnmbel disease, t« anion, and fatigue may tevesarious r/fectatsi vision :utlui«.i. ii is 
difficult to generalise about the offsets of drugs, because different people react indifferent ways to the same 
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4 Figure 8.36 The Effect of Smoking on V ! sual Light Sensitivity as Compared With the Effect of Altitude 
The effect of inhaling the smoke of three cigarettes is equal to an altitude of about 8000 
feet, (after McFarland 8-29 ) 

r Among the drugs that sometimes affe t vision are sulfanamides, antihistamines, atabrine, and 

e /en aspirin, if used excessively. Their efi ?cts may include interference with depth perception and 
acuity, enlarging of the blind spot, and loss i f muscular coordination of the eyes. 

Food and Rest 

While rest and a sensible diet help to n i in tain fitness for flight, they are not generally crucial 
for good visual performance. However, one t jnstituent of diet, sugar, seems to have a direct effect 
on vision. There is considerable evidence ths t raising the content of sugar in the bloed will reduce 
some of the effects of hypoxia, particularly lc ss of light sensitivity. Before flying iu high altitudes, a 
man should therefore eat a meal with some carbohydrate content 

Lack of rest before flight tends to make a flyer tired and sleepy. Among a great variety of 
symptoms are difficulty in focusing and in keeping the eyes open. 

Denitrogenation 

When a person ascends fairly rapidly to altitudes above 26, Of*' feet, the drop in atmospheric 
pressure causes nitrogen bubbles to form in the blood (among many other effects). If these bubbles 
are small enough to circulate through tne brain, visual disturbances occur. They include hazy vision, 
restriction of the visual field, and scintillating blind spots. 

A oressurizcd cabin is the best protection against the effects of blood nitrogen bubbles on vision. 
However, not all cabins are pressurized, and pressure can be lost in those that are. Fortunately, 
breathing pure oxygen on the ground for 15 minutes before flying reduces the nitrogen of the 

blood and tissues and reduces the danger of visual disturbances in flight. This precaution is called 
"denitrogenation. " 

Summary of Preflight Procedures 

To ensure visual fitness in flight, pilot and crew should (1) dark-adapt as necessary, (2) avoid 
heavy smoking and drinking, (3) eat a meal of moderately high carbohydrate content before flight, and 
(4) get rest and relaxation before flight. 

Designers should keep in mind that airmen will net always adhere to these rules, especially 
under the pressures of combat. If possible, equipment and operational tactics should be devised so 
that a person whose vision is somewhat impaired can still operate the aircraft efficiently. 
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CHAPTER 9 


FACTORS INFLUENCING VISION OUTSIDE THE AIRCRAFT 


For some time to come, pilot and crew will depend on direct vision much of the time for taking 
off, navigating, judging the attitude of their aircraft, detecting and identifying ground objects and other 
aircraft, flying in formation and refueling in the air, landing, and to some extent fire control. 

It is true, of course, that instruments are already better than direct vision in some phases of 
fir< control. They also make satisfactory substitutes (in certain circumstances) in navigating, and 
maintaining altitude, attitude, and course in bad weather. Nevertheless, direct vision has advantages 
that are not present in Instrument flight Visual flight is easier and leRs tiring than instrument flight. 
The eyes and brain can distinguish between different aircraft, and especially between different objects 
on the ground, as no radar can. Human vision is less subject to failure than instruments, and it can- 
not be jammed by the enemy, or disclose position. For these reasons, some means for the pilot to 
see out of the aircraft is contemplated even In aircraft of such high performance that the canopy must 
be eliminated. 

Visual flight rules (VFR) are set forth in the Civil Air regulations. VFR conditions are usually 
expressed in terms of celling (height to the base of the clouds) and visibility (horizontal distance to 
the farthest object that can be seen). Numerous regulations to cover special situations have been 
written and agreed on by civil and military authorities. In general, when a flight Is conducted under 
VFR, the pilot Is able to see at least some portion of the ground, and ambient illumination is usually 
(though by no means always) higher than in flights conducted under instrument flight rules. Even 
under VFR however, ^conditions are often far from ideal for visual functioning. 

Certain variables limit the pilot's vision on any kind of flight -- a simple cross-country flight 
or a tactical interception, bombing, reconnaissance, or search mission. One source of variables 
is the pilot’s own visual apparatus. Earlier in the book, it was pointed out that there are limits to tht 
fineness of visual discrimination even Under the best of circumstances. A second source of variables 
Is provided by the canopy. Windshield, and general configuration of the aircraft. Thai there are such 
Influencing factors *i periscopes, high-altitude helmets and telescopes. Still another source of vari- 
ables is the state of Hie sky -- the weather, time of day.type and altitude of clouds, altitude of the 
aircraft, etc. This chapter explores all of these variables as well as the problems raised by visual 
Illusions. 

The effects of vibration on visual performance are discussed briefly in Chapter 13. It should 
be noted that vibrations apply to vision outside the aircraft as well as inside, but since the discussion 
on vibrations concerns itself chiefly with instrument reading, it is placed In the chapter on Factors 
Influencing Vision Within the Aircraft. 

VISION THROUGH THE WINDSHIELD AND CANOPY 

Windshields and canopies are made of transparent glass or plastic of various shapes and di- 
mensions, supported by metal frames. At best, they obstruct vision to some extent. At worst, they 
can practically blind the pilot du. Lig some phases of flight. Recent evaluations of various aircraft 
point up the tact that failure to use the best available: materials and configuration of windshields and 
canopies can nullify other improvements in aircraft. Among the visual problems in one fighter air- 
craft are (1) restricted vision to the rear, (2) pcor forward vision due to a "rainbow" effect in the 
windshield, distortion in the windshield, ar.d the visual obstruction caused by heavy framework, and 
(3) an ineffective canopy defrosting system. 5 *- 2 in a "hundred series" all-weather interceptor aircraft, 
the disadvantages are (1) restriction of vision by the framework of the windshield and canopy, (2) dis- 
tortion through the forward part of the canopy, (3) glare from the shiny metal surfaces of air-inlet 
ducts on the fuselage on either side of the cockpit, and (4) frosting of the windshield in a rapid de- 
scent. 2 * 2 Finally, visual defects in another hundred series fighter include: (1) a low canopy config- 
uration and some distortion, which restrict forward visibility during landings, and (2) a blind spot 
immediately behind the aircraft. For this aircraft, it has been recommended that: (1) the poor for- 
ward visibility be accepted as a compromlaeandthatspeclaltralningbegivenfor landing, and (2) the 
ca. ipy be redesigned to improve rear vision, or combat tactics be adjusted to compensate for pcor rear- 
warc. visibility. 
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In summary, if the field of view Is too restricted, performance will be impaired. If the wind- 
shield and canopy have poor optical properties, or if cockpit lighting reflects or refracts so “ ^ 
impair vision through tiw. canopy or windshield, performance will again be impaired. In the remahi 
of this section, we will consider how much these .wo factors influence vision, and what can be done 
about it. 


Fields of View from Aircraft 

In the following paragraphs, you will find data on the limits of man's field of vision and the ef- 
fect of angle of view in visual flight. The effects of the field of vision in lake-off, navigation, inter- 
ception, reconnaissance, and avoidance of mid-air collision are discussed under the appropriate 
headings in this chapter and apply the data presented in Chapter 6. 

That data on human vision can help the designer is strikingly illustrated by a consideration of 
bead and eye movements. By moving head and eyes alone, without moving the body, a person can see 
♦hi-rmgh an arc of more than 180 degrees to either side of straight ahead; that is, he can scan through 
a full circle of 360 degrees. 9-16 Of course, it is not easy to scan such a large field of view, nor is it 
necessary in most situations. Suppose, however, that movements are limited to those that are per- 
formed easily and naiurally. In this case, the total field obtained by both head and eye movements 
subtends about 75 percent of the sphere about us (155 degrees to either side, 91 degrees upward, and 
112 degrees downward). A pilot could not scan this entire field with his central vision, even if there 
were no obstructions; in a fast moving aircraft, he might miss objects ahead while scanning to one 
side. Nevertheless, the entire field is potentially useful in avoiding collision or avoiding attacking 
aircraft, for example, because an object near the edge of peripheral view creates a vague image; it 
signals its presence, and can then be identified by turning for complete fixation. The percent of this 
field available to the pilot 1ms been calculated® -23 for a number of transport aircraft, on the basis of 
windshield window measurements. The highest rating represented only 21 percent of the potential 
visual field, while some windshield areas scored as low as 14 percent. There is, of course, the ques- 
tion of what is an adequate score, but the high number of collisions and near collisions ■ '-?>:* rted in 
flight shows that an improvement in visibility is highly important. 

The Civil Aeronautics Authority hasjjubllahed a set of recommendations on minimum visual 
angles from cockpits of transport aircraft?-*^ These standards can also be applied to military trans- 
ports. They are also of interest because they are based on research®-ll, 9-13,9-17,9-21 that serves 
as a good Illustration as to how data can be gathered and analyzed to solve practical problems. 


A program to study cockpit visibility was begun in 1948 by the Technical Development and 
Evaluation Center of the CAA. First a questionnaire was sent to several thousand airline pilots asking 
them to evaluate vision from transport aircraft and make recommendations on the size and location of 
windshield openings? *21 Second, a binocular strip-film camera was developed wtrrh provided a quick 
and accurate means of measuring and recording cockpit visibility limits in terms at angles of vision. 
The camera superimposes a grid of horizontal arl vertical lines on the negative. It has two lenses 
spaced at the separation distance of the eyes. Thus, when positioned correctly, it duplicates the pilot's 
two eyes and records the visual angles where windshield posts and the like obstruct vision for one and 
for both eyes?-ll A sample photograph is shown in Figure 9.1. Third, movies of pilots' eye move- 
ments were made to discover where on the windshield the pilot was looking and for how long®-! 3 
during each phase of visual flight maneuvers. Some of the results of this investigation are discussed 
in Chapter 12. Fourth, information was gathered on the visual angles required by the pilot to see an- 
other aircraft on a collision course?-! 7 Common probable collision courses were selected on the 
basis of typical maneuvers required in flight. A series. of charts and graphs was constructed. The 
reader can enter them with such items as: (1) the difference in heading between two aircraft cn col- 
lision courses, (2) the aircraft speeds, and (3) the type of maneuver. He can then read off the visual 
angles required by tne pilot of one aircraft to see the other aircraft at any time prior io collision, at 
any distance oi separation, and at any relative closing snA*d. 


The recommended standards for visibility from the cockpit, based on the four phases of the 
program, are illustrated in Figure 9.2. In addition, specifications are given for visibility of the hor- 
izon during Instrument Landing System approaches, rated-power climbs, and maximum approved 
sank angles. 1'ov/ever, the same techniques might be ussd to find minimum values for military air- 
craft. Since there are so many types of military aircraft and missions, specifications should be devel- 
oped that take into account the maneuvering capability of each type oi aircraft and the extremes of flight 
att it ude i miwooH hy the design and the requirements for each type of mission. 
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Figure 9.1 Pilot’s Field of View From Aircraft Cockpit 

Picture was taken with binocular camera simulating eyes. In black areas, vision is ob- 
structed to both eyes, while In gray areas, pilot can see out of cockpit with one eye. Grid 
lines enable investigator to judge positions of obstructions in visual field. Note how narrow 
unobstructed field becomes to right, c _ ^de of w indshield away from pilot (from Edwards 9 ' • ) 





Figure 9.2 Recommended Standards of Visibility From Cockpit of Transport 


Tbs pilot should be able to see out of the cockpit without moving his head in the area enclosed by 
the curves, except where posts wider than 2-1/2 in. are permitted. (Edwards -6 Howell®"i2) 
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Design lectures intended to improve the aerodynamics of high-ptrformance aircraft often re- 
duce the pilot's ability to see out of the cockpit though some aerodynamic changes improve vision; 
for example, in many jet aircraft, the pilot has better over-the-side vision than in many propeUer- 
driven aircraft because he is located farther forward of the wings. On the whole, however, better 
aerbd^m&cs~Jee*ns thicker and more slanted windshields, more sharply curved canopies, and gen- 
erally poorer vision. Such items as radomes can interfere seriously with over-the-nose and over- 
the-side vision. ’ r , 

One problem, for example, is the loss of over-the-nose visibility in needle-nose interceptors. 
The problem is accentuated in the delta-whig configuration during the landing approach because of 
high angle of attack. ^Difficulties encountered in such aircraft have led to the recommendation that 
the pilot should be; able to see the runway from 1C0C feet ahead on out when on a three-degree glide 
slope 50 lost overtbe eud of tha runway. An unconventional solution to this problem is employed in 
the current British .Fftirey- ,, Droop Snoot" fighter, in which the nose section bends down for an in- 
creased visibfi%dhr^ ‘ 

With respect to dimensional la ihc vertical plane, two researchers^ -22 recommend 

the following: (1) Forward visibility over tbe nose should be at least 15 degrees bflow the horizontal 
viewing plane of the pilot in fli^ mtitede.’^^J^sihility in the after portion of th<> field of vision 
should be at least'5 degrees below the Ix^inimu viewing piane. <3j Over -me-siflt visibility should 
be no less than 50 degrees below the horizontal except where wings interfere. (4) Structural parts of 
canopies should be eliminated as far as possible. (5) Cockpit lights, instruments, etc. should not pro- 
trude above the fuselage into the trans parent sections of canopy and windshield. 

Nearly all the other aircraft a pilot sees he sees well forward. In a note on windshield design 
and visibility from fighter aircraft, it was stated^-S that of all aircraft that appear within a pilot's 
range of vision by day, 84 percent, are likely to appear in a 112-degree field ai. -vd {Le., a field sub- 
tending 112 degrees at the eye). Since there is less chance that the windshield will collapse if it is 
narrow, this study suggests that the aircraft be designed so that the pilot's head is well forward, so 
that he can see objects at the largest possible angle from straight ahead, fills is rather impractical, 
however, since there must be enough room for instruments and controls. 

Structural Members of Windshield and Canopy 

Another study9-20 points out that frames to support the windshield must often be placed within 
the pilot s field of vision, xney. suggest that as many of the frames as possible should make apparent 
angles of about 90 degrees with the mean plane of vision; that is, the planes containing the frame 3 
should form right angles with the approximately horizontal plane containing the lines of sight of both 
eyes when the pilot is looking ahead. Further studies also recommended that the designer make the 
frames as narrow as he can without having to add more frames. 


A structural member of the windshield Will block off part of the field of vision for both eyes if 
it is wider than the distance between the pupils of ihe cyesS-14; that is, it it is so wide that one eye 
will not "cover" for the other unless the pilot moves his head. The angle subtended by the blind area 
is proportional to the width of the frame member minus the interpupillary area. These points are il- 
lustrated in Figure 9.3. In A, the frame is narrower than the effective interpupillary distance. The 
left eye can see any part of the field of vision that is blocked for the right eye, and vice versa, except 
for a narrow triangular area just behind the frame. In B, the Trarae is just the width of the effective 
interpupillary distance -- about 2-1/2 inches maximum. It creates & blind area exactly as wide as 
the interpupillary distance, but the blind area gets no wider out into space; only a 2-1/2 inch strip will 
be blocked out whether an object is five inches or five miles behind lie frame. For nrartirai 


in ar. aircraft, a frame 2-1/2 inches wide therefore does not obstruct vision for loth eyes, ’n C, ho>v- ” 
ever, the frame is wider than the interpupillary distance. The effective binocular blind are: now in- 
creases with distance by a factor proportional to the excess in width ove" 2-1/2 inches and the distance 
of one frame member from the eyes; an entire aircraft l*. be hidden up to a dangerously close distance. 


Note that for objects seen to one side or the other of the foi md a t vertical plane bisecting the 

thn pffprt ivp intf-rntinillarv fV'itr Q *3/*\ * u » - *. » 

* * ~ V- -*>' -•-*-/ ntiit u, »iHC 04 11IB LmiWtHtfl 

the line from eyes to object and this plane. In other wordti, a smaller obst. Mon to one side will 
block vision tprov ldcd the pilot does not turn his head). Therefore, windshield obsi . -is should be less 
than mtcrpupillary distance. Toallowa safety factor, they should be well below two inches -tth. 
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Design of Transparent Sections in Aircraft 

Visual tlignt performam e it affected by the quality and configuration of the transparent sections 
of the windshield and canopy. Distortions must be kept to a minimum if vision is to be effective. 
Under most circumstances, transparent sections should also have high light transmission -- they 
should cut out as little light as possible. Data are presented here on: 

1. Loss of vision when looking through transparent material (even when it is of high quality). 

2. The effect of specific transparent material and special coatings on vision. 

3. Loss of vision when transparent surfaces are dirty or cracked. 

4. Curved versus flat transparent surfaces, and the angle of the surface with the line of sight. 

5. The effect of time of day and altitude, and the loss of vision due to reflection and g’are. 

Distortion in Laminated Glass . One team of investigators® - ® derived mathematical formulas 
for the extent to which transparent, parallel, plane panels will cause apparent changes in direction, 
size, shape, and distance of an observed object. They atso computed the change that occurs in the 
angle of parallax for two objects at different distances when a windshield with parallel, plane sur- 
faces is placed between the objects and the eye. (The angle of parallax is the angle between the lines 
of sight of the two eyes when they are converging on an object. It w a very important cue in distance 
judgment — see Chapter 8.) All calculations were made for resurfaced, laminated, bullet-proof^ 
Nesa-coated windshield panels with a thickness of 38.1 mm and a refractive index of 1.5153. It was 
shown® - ® that for the rather long distances at which pilots view other aircraft and object on the 
ground, the panels caused negligible charges in direction, size and shape. However, they did change 
the angle of parallax, and hence the apparent distance. Depending on the angl 1 of incidence o the 
panels, the change in the angle of parallax was as high as ^3C percent. For an object closer than 10 
meters, however, the panels caused significant changes in apparent direction, shape, and size, as 
well as distance. 

Good glass has an Inherent deviation error of no more than 3 minutes of arc. This amounts to 
a deviation of only 10 Inches in the line of sight at 1000 feet or 26 feet at 30,000 feet. That is, an ob- 
ject 30,000 feet away will be seen only 28 feet to one side of its true position®-22 

Vision Through Plastics . Vision is generally better through glass than through plastic because 
there is less "optical haze” in glaas.® - 22 One investigator® - 1 8 took plate glass and plastic* in vari- 
ous states of maintenance from the hoods of operational aircraft. In a room with white walls, the 
panels were set up so that they could be inclined at various angles. Illumination was 140 foot -candles. 
The test object was a white disc on the wall, 5 inches in diameter, with a gray spot 2 mm in diameter. 
Brightness contrast between spot and disc was 20 percent. The disc was rotated before each trial, 
and each of fourteen subjects moved forward until he could state the position of the spot cor re- iy. 

The range for unobstructed vision was determined and then the range for vitlor. through differ rd 
pieces of glass and plastic tilted at different angles. The results were expressed as visual range lost 
when the view was obstructed by glass or plastic. 

The results nay be summarized as follows: 

Table 9.1 Comparison of .Voes of Visual Range Due to th& Inclination and Material of the Windshield 


Angie of Inclination from Sigutliue Doss of Visual Range in Percent 


I 

Plate Glass 

Plastic 



Clean 

1 

Dirty 

0* 

2.4 

2.8 

7.3 

45* 

/* « 
U . < 

9.3 

16.8 

70* 

11.0 

24.1 

39.3 

80* 

15.6 

37.8 



Transparent acrylic rcoln produced in sheet or rod form 


Best Available Cop' 
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V ision through clean plastic was thus a little worse than through plate glass when the two were viewed 
head on, and the ditfe reace increased rapidly as the tilth;? increased over 45 degrees the vertical. 

That is, in a windshield slanted more than 45 degrees, the light reflected on the plastic would reduce 
visual range severely below that attained with glass. Vision was further reduced when the plastic had 
been on an aircraft for a long time -- when it was dirty and scratched. 

The Effect of Conductive Coatings an d Bullet -Proofing. Electrical conductive coatings are used 
on alrrratf wiaSEieids and canopies for deforcing, drfrosting, or the removal of static charges. 

Unfor tunately , conductive coating further reduces light transmission? -15 Similarly, bullet-proof 

Kaa obvious advantages, but improved vision is not anerof them. If polarized light from the sVy 
or from a runway falls upon a hardened glass windshield, a chang e in plane or polarization may take 
place. For example, when oblique vision through side windows is used, dark patches may appear in a 
regular pattern in the field of view. These strain patterns can seriously interfere with visual search. 
However, they can be avoided by properly designing and testing the windshield before installation. 

The following procedures are recommended: 

1. Incline side panels less than 45 degrees to the line of sight 

2. Whenever an auxiliary plate of glass or plastic is to be incorporated in the windshield, place 
it on the outl> nrd side of the hardened layer. 

3. Examine the complete windshield in a steeply Inclined position under incident plane polarized 
light, without analyzer, before it is installed on the aircraft? -1 ? 

Detecting and Analyzing Distortions. In the ordinary courts* of flying, small visual inaccuracies 
can be tolerated. Large distortions, however, can be expected to cau c piloting errors and to annoy 
and fatigue the pilot generally, particularly after long periods of flight. Aviation personnel object to 
obvious optical imperfections in aircraft transparencies, such bull's eyes, crazing, scratching of 
the surface, and imbedded foreign material that is often mistaken to be distant aircraft. They object 
to distortions that interfere with visual target detection and reduce their ability to estimate the size, 
form, and distance of sighted objects. For example, distortions can produce annoying undulations in 
the contours of sighted objects. 

However, while distortion is a recognized evil in transparencies, it is difficult to detect and 
evaluate because distortion is most disturbing during movement of the eye or sighted object, and this 
movement is hard to incorporate into objective tests. Perhaps the only practical way tc test for dis- 
tortion is to view or photograph objects through the completed windshield. One method is to photo- 
graph a grid through the windshield. In one such test? -5 a binocular camera simulated pilot's vision. 

It was placed about where a pilot’s eyes would be in relation to the windshield. A grid of 1-inch 
squares was placed behind the windshield. Distortion in the transparency then made grid lines ap- 
pear wavy or curved on the photograph and angles between lines epwear no longer square. Such 
photograph® both give an over-all picture of windshield distortion sosd provide a means of measuring 
the amount of distortion at various points. In evaluating windshields from photographs, two faults 
were considered most serious: (1) severe local distortions, and (2) distortions affecting a large area 
of the windshield. The photographic analysis compared moderately well with pilot's preferences. That 
is, when 'Tids were photographed through windshields that had been tried out by pilots, the ones that 
were rated as good on the basis of the photographs were also rated as good by the pilots, and the ones 
that showed excessive distortion on the photographs were considered poor by the pilots. 

Curvature and Angle of Windshield. As far as visum is concerned, there is little question that 
flat pane's are superior to curved for windshields and canopies. In one type of jet training aircraft, 

.or example, poor light refraction is reported through part of the curved left section of the wind- 
shield?-’ For side panels, one investigator® - ® noted that flat glass is better than curved plastic, 
which latter also has the dlsalvantage of becoming marred by the weuther. The data Lr. Table 9.1 
•how that vision is beat when the line of sight is perpendicular, or nearly so, to the windshield and 
canopy. Further evidence of thir sort comes from other studies.- -- An aircraft that can be seen a 
mile away with unobstructed vision can be seen only hall a mile away through a piece of dirty plastic 
that has been set at an angle of about 70 degrees to the line of sight. On the other hand, a poor piece 
of glass placed perpendicular to the line of sight is much better optically than a very good piece of 
glass placed at a large angle from the perpendicular — 40 degrees or more. 
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In a recent analysis of various transparent surfaces used for windshields, canopies, and visors 8-15, 
tests were cc;*ductet: to determine the ability of aircrew to discern an object against Its background at 
various brightness contrasts. On the basis of these tests, standards were set up for the minimum a- 
tnount of light a transparency should transmit and the maximum amount of base It should be allowed to 
contribute at various angles lb respect to the line of sight. The tsstS were conducted under Illumine 
tlons corresponding to the range from daylight to darkest night. The Ltiekiesh-Moss low-contrast 
test chart was used. It has test numerals whose contrast with the white background ranges from 3.9 
percent to 37.0 percent. The chart was viewed at a distance of five feet, Visual contrast threshold 
values measured through ths various transparencies were-**; dips. red with values obtained with unob- 
structed vision. A maximum -contrast, variahle-alid test object was also used. It was a narrow 
target 241 inches long, whose width could be varied from zero to three inches by varying its tilt. Th^ 
target was painted dull black against white, ft was viewed at a distance of 10 feet. Off-center fixation 
Vaa umu. In beuiiifi aiindnrds on the basis of these tests, consideration was given to the Initial opti- 
cal properties of the tr| ini parent materials to lip windshield angle of Incidence, and the visibility 
requirements fdr night flying. The results ar- shown in Table 9,3, In each instance the lower per- 
missible limit is given for light transmission and the higher permissible limit for base values. Hate, 
in this Instance, refers to light spattering within the transparent materials. 


Table 9.3 Stands. do for Light Transmission and Haas, in Percent 




Windshields 
(Incidence Angle)* 


Canopies 

Visors 

Highly desirable 
Transmission 

l «•« - 

-J.l 

71 

ska 

MM 

74 

44,4 

83 

70’ 

99 

1 

89 

90 

Haze 

i 0.5 

0.5 

0.5 

0.6 

0.5 

T) 5 

Acceptable 

Transmission 

66 

69 

78 

93 

B3 

83 

Haze 

1 

1 

l 

1 

1 

1 

Minimum value 
Transmission 

*4 

67 

75 

89 

77 

79 

llaximum value 
Haze 

2 

2 

2 

2 

2 

2 


•The incidence ingle is the angle the light from the object viewed (and also the line of sight) makes 
with a line perpendicular to the transparent surface. 


A )bss in light transmission through a windshield or canopy is obviously most serious when ob- 
jects are dim, as at night. The present trend among aircraft designers to slope windshields e< steeper 
angler for aerodynamic reasons reduces the amount of light transmitted below acceptable levels for 
some ulghl vision requlrementsP-13 An angle of Incidence of 66 degrees la specified Is second re- 
con', windshield designs . At Utls angle, only 90 percent as mud, light U transmitted as when the line of 
Stf;ht IS norms] to the surfsccP-i* 

Reflection , Light reflected by a windshield or canopy can also interfere with vision. This prob- 
lem also tends to be more serious at night, when cockpit lights are bright compared to the sky. For 
example, light reflections In the canopy at night have been a disturbing factor in several jet alr- 
craft*-4 In one analysis of cockpit lighting*-* It is reported that reflections from Interior lights 
sometimes obstruct vision through the windshield and ca Hupy uu ring night flight. The aulbur suggests 
that this problem can be reduced by putting appropriate shields on lights and lighted I ns t ru m e n ts . 

Both surfaces of a piece of glass admit and reflect light; light is received from outside the air- 
craft and "paraaite" light is received from inside and outside sources. Both kinds of light are 
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reflected and absorbed, so that the observer’* eye receive* filtered light from the outside which is 
reflected beck ud forth, producing "/ghosts" snd dodbty reflected paras Uo light from inside sources 
near the pilot from the giasa surface due to luminous instruments and the like tend to 

glare or to have a bUadjag effect? -B These disturbances, however, are most pronounced when (1) 
the intensity of light transmitted through the windshield from outside is considerably lower than the 
intensity of the parasite light and (3) the positions at the light sources iueWe the cockpit, the angle of 
the glass, and the position of one eye are such that angle of incidence >= angle of reflection. 

Reflections are a problem not only at night. By day, sunlight and bright flashes of reflected sun- 
light from the surfaces of. the aircraft, froth other aircraft, or from bright objects bn the ground may 
enter the cockpit. This Ught may enter through the canopy and strike the windshield from Inside, or 
vice versa; it may bo reflected off objects inside the cockpit; or it may be reflected and refracted 
back and forth between the surfaces of the glass in the windshield or canopy. In any case, reflectloMs 
are set up that cause glare or efestrud! vision. 7b meet this problem, one ikperlmenter*-10 applied 
a special reflection-reducing coating, to the plastic enclosures at SNJ aircraft. Ten pilots then flew 
SNJ'a treated with the coatlrg snd SOM's not treated with it in quick succession. The coating was 
found to improve pilot visibility from the cockpit enclosure hr? (i) reducing glare and eyestrain,, and 
(2) reducing the interference with vision caused by reflections and crote-reflecttonn of light on bright 
objects. This second improvement was particularly noticeable on dear, sunny day*. when flash nor- 
mally causes the greatest difficulty. Fiaah is undesirable for other reasons also. In wartime, sun- 
light reflected from a canopy or windshield perse its the enemy to spot an aircraft more easily. 

;.i e m a-1 High Altitudes. At low altitudes, the suiuight is scattered acd diffused to some eittent 
by the atmosphere even on clear, bright days. At the high altitudes where jet aircraft cruise ttftat 
efficiently, howe ver, the alf is *o ihin chat the sun appears as a very bright Object in a dark sky;, 
there is little atmospheric nc atteriig . Cicada feslcw fia aLrcraS also serve l** a source of excessive — - 
brightness at high altitudes Similarly, ar object outside the aircraft — manner aircraft or the sur- 
faces of one’s own aircraft — will appear extremely bright if it in reflecting sunlight directly toward 
the pilot or observer, in contrast, a nonranoctUB object will appear very dlVn. Thus, a mar. who is 
adapted to the bright objects that he sees at high altitude may have great difficulty seeing noorefl not- 
ing targets; conversely, a man adapted to dimmer objects may experience dUcomfari «u«u temporary 
blinding if a reflecting object conn within his field of vision. Furthermore, oxygen deficiency in- 
creases the threshold of brightness discrimination. According to one study*-7 t the brightness con- 
trast of dhjeetn at high altitude exceeds the "borderline Contras t of comfort and discomfort. " 

Farther oh in this chapter, informs ion is presented on natural illumination; this will give the aircraft 
designer a basis for both lighting an I shielding the cockpit for high-altitude flight - Somewhat related 
io the problems of distortion through windshields- - are distortions in shock waves encountered in 
the neighborhood of Mich 1 . However, numerical calculations show that the deviation of light rays 
through shock waves under practical conditions amounts to less than one minute of arc. R thus pre- 
sents a very small problem.** 8 


PERISCOPES FOR PILOTING AIRCRAFT 

Periscopes are Indicated as a substitute for windshields to provide outside vision for piloting 
certain very high-performance aircraft. All periscopes have a restricted Held of view, and those us- 
ing them must learn to use new clues to distance judgment or to attach a different value to clues. 
Because of these two major disadvantages and several minor ones in comparison with windshields, 
periscopes see ho* Isdicsisd for slower aircraft. 

Requirements for Piloting 

Until recently the only means for viewing outside an aircraft was U trough canopies and wind- 
shields. In certain higher performance aircraft it is deelrable to eliminate the windshield for aero- 
dynamic and thermodynamic reasons, if another satisfactory mean# of outside vision can be devised. 
The aerodynamic uuereet is to minimise or eliminate drag due to the windshield. This begins to as- 
sume importance at higher Mach values, particularly in aircraft that are to have extended range 
without refueling. The thermodynamic interest is to insulate and refrigerate the cabin against the 
very high skin temperatures encountered at the higher Mach values, and to make the cabin structur- 
ally integrated and otherwise able to stand up under the resulting steep thermal gradients. Also, 
elimination of a windshield would simplify radiation shielding. 
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la addition to these reesoas, a device for o«Uide viewing glv«)« added flexibility In locating the 
pilot in the aircraft and la locating the ladicatort* and controls used by the pilot, the pilot must be 
able to identify certain object* outside the aircraft and judge their poeition in epecv, both in respect 
to the aircraft' a axee and In «M*tanee; and be uwtM able .to perceive change* la location, the else 
and location of the field of view ha must have to Identify and locate depend# on the phase of the flight 
and the aircraft'e mission, The flight yheeee are: 

Terminal Ruue - (I) Take-off 

- (1) Traffic pattern . 

- (S) landing 

Cruise Phase - <i) Geographical orientation of aircraft 

- (8) Avoiding air collision 

Strike Phase - Target detection 

Air target detection 
offensive 
defensive 

Ground target detection 
offeftilve 
delusive 
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St. 

<ag*r;- 

W : - 
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me Meld of vision required for the cruise and strike phases may he reduced or eliminated by 

fhaa »JA wjf 4*« »L»sa ■ . 

Great restriction of the viooal Held may lead to a lack of confidence, uneasiness, or <wn 
claustrophobia on the part of the pilot. 

v electronic tteteettem devices are aut used* the largest field of view Is required to avoid 
air omftaioa The faster aircraft is ortttaariiy responsible for detecting sad avoiding the other air- 
craft A field of nearly 190 deg r es s in axlssoth is reghirad for the faster aircraft. If the • lower 
aircraft ware also con s id er e d responsible for the search, a del t of S90 degrees would be required 
(so that it could avoid a rear-end cciiisioo). 

Ttss field needed for sir target deWcUuu, both offensive and defensive, depends on the speed of 
the aircraft an veil as its mlaalon. 


The turning radius of vary high- s p eed tighter aircraft i* great; U cannot turn sharply enough to 
attack airc’-ift off to the side, and H 1» fas little danger of being attacked by them. Therefore, a more 
restricted -leld of view to the front (and in certain cases, to the rear) is permissible. 


Within detection ranges, other aircraft are 
of no. ooocern to the pilot anises fbey are within 
a son* s h ap ed roughly lfte a ccas with carved 
sms* ahead of the pilot's aircraft (Pig. 9.4). For 
purposes of detecting targets and avoiding attack, 
tho wniii field of vision need oniy comprise this 
cone — which becomes increasingly narrow with 
higher air* peso*. 

Bombers are Cc*icemed only de/eactvely 
with air targets Hare the useful field is limited 
to a coos to the rearwird, antes* the Is 

using s collision course attack or flexfide gun- 
nery. However, in bombers, crew Member* 
other than pilots feotraily perform rearward 
search. 



Figure 9.4 Useful Field of Vision, for Purposes 
of Attacking or Avoiding Attack, for Very High- 
Speed ftgbters 
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For ground targets, pilots of ground support or reconnaissance aircraft must see downward at 
a large angle of depression from the horizon. Unless a large angle of depression can be provided 
forward, of the order of 30° or more, search can be better performed over the side by other aircrew 
members. Then the pilot’s visual field need extend only 12 degrees or 15 degrees below horizon. 

For the visual level -attitude type bomber, ground targets are detected by other crewmen than 
the pilot, so there are no visual field requirements here for ground target detection in periscopes for 
pilots. 

The field requirements for navigation depend on the type of navigation used. In pilotage naviga- 
tion, things such as atmospheric conditions, the type of check points, and familiarity with the terrain 
determine the size of the field required. As an estimate, it could be said that 90 degrees on total 
azimuth would be sufficient in most circumstances. 


The visual field requirements for the terminal phase differ according to the operation involved. 
For the take-off, the field requirements are the least of those in any aircraft operation. On the other 
hand, flying the conventional traffic pattern requires 180 degrees in azimuth in order to make accurate 
turns on to the base leg and final approach. In the final approach to flare out, the pilot must be able to 
see the point of touchdown at all times, to see a sufficient length of the runway, to stay properly ori- 
ented with respect to position along the runway, and to have sufficient field in azimuth so that the 
distance above the runway is easily judged. Then, in the final approach, the pilot must be provided 
2 with a field of vision extending downward with respect to the aircraft by an amount that exceeds by a 
few degrees the maximum nose-up attitude of the aircraft with reference to the runway. The larger 
i the angle in azimuth the greater the ease of vertical distance judgment. 

I 

Distance Judgment. The requirements for distance in very high-performance aircraft 

® are approximately the name as in other aircraft, except that tbeoc aircraft would generally iiave higher 

* landing speeds, so that distance judgment would be more critical. Distance judgment can be consid- 
£ ered as part of the orientation problem. In the three dimension*, there ia need for sr-gslsr orleiuaiion 
'* about the horizontal, longitudinal, and vertical axes. Orientation about the first two is achieved as 

* long as the horizon is seen. Orientation about the vertical axis is accomplished by reference to the 
| flight instruments. Orientation along the three axes, or translational orientation, with regard to 

viewed objects, involves distance judgment. Good distance judgment is needed particularly along the 
longitudinal and vertical axes. The ways in which periscopes affect distance judgment are related in 
| later paragraphs, where the different types of periscopes are described. 

Vision While Flying in a Prone Position 

| To reduce the effects of acceleration in very high-performance aircraft, it has been proposed 

I that the pilot fly in a prone position. Visual problems that would l>e imposed by the prone position in 
flight have been studied by several investigators. In one study, ten subjects, while in a prone-position 
bed, were tested for their ability to maintain elevated binocular gaze, the lateral limits of their bi- 
nocular vision, and their muscle balance. While gazing upward 15 degrees to 30 degrees, all the 
subjects experienced discomfort. At 20 degrees or more, the discomfort was serious; when elevating 
- his line ot sight this much, a man probably could not perform intricate tasks, such as piloting air- 
craft, with precision It was felt that pilots should n-’t h< subjected to tasks involving use of elevated 
gaze beyond 20 degrees for periods of more than one hourP-25 Another study9-24 concludes further 
that, from the prone position in fighter aircraft, the visual field is sufficient for non-combat flying, 
but deficient to the rear and forward in searching fo r enemy aircraft. Fatigue in upward gaze is in- 
significant wV.-n the sunject looks downward at the instruments periodically. If a satisfactory sub- 
stitute were devised for direct rearward vision, vision from the prone position would be satisfactory 
(or short periods (one hour or moderately more). 

Substitutes (or Aircraft Windshields 


Several different devices have been proposed as substitutes for aircraft windshields. These are 
radar, lnlrared, closed television circuits, mirrors, and periscopes. 

Radar and inf rare d receivers can be ruled out as possible visual media {nr njieti ng aii uan 
because returns are received only from certain types of objects resolution is very poor compared 
with that of optical devices Also, distance judgment Is not accurate enough for landing operations 
with th«-s<- rm’din. 
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A closed taLevlslonclrcult la excellent from the standpoint of cockpit design, because the de- 
signer has considerable flexibility in locating the camera and display tube with reference to each 
other. Television has certain applications in aircraft, but can be practically ruled out for piloting, at 
least in the present state of the art, because of unreliability, complexities of presentations, thermal 
problems Induced by high-speed and high-altitude flight, poorer resolutions and distance judgments 
than can be attained with periscopes, problems in obtaining sufficient resolution at night, and the im- 
practicability of providing color for day usage. 

Mirrors give a better image than periscopes, being free from aberrations and large light 
losses. However, dragwise, dimensionwlse, and in flexibility in separating the receiving and display 
mirrors, this solution is hardly better than a windshield, except as a retractable device fer use only 
in landing operation;; for this application, mirrors merit some consideration. The geometry of 
mirror optics is simple and straightforward; ii i. easy to calculate tne visual field that a mirror of 
given dimensions would provide, or the dirr v ***lons required to provide a given field. 

Periscopes have the advantage of reliability, and they have better resolution than the other de- 
vices named, except mirror*. They are generally satisfactory from an aerodynamic drag standpoint, 
and offer satisfactory design flexibility in the placement of the objective lens in relation to the view- 
ing lens. Periscope s are less satisfactory than mirrors for distance judgment and light transmission. 
In most other respects they are more satisfactory than any other of the devices named. 

The Effect of Periscope Design on Visual Factors 


Periscopes may be of an ocular typo or of a display type. In the first, the eyes must be posi- 
tioned close to the viewing lens, certain instr u m e nt displays must be brought into the periscopic field, 
and aircraft controls must be developed that car. •„? identified by touch. 

in the display type, the viewing leu?, is approximately IS to 18 Inches from the eyes; to prevent 
ac comm o d a ti ve eyestrain, it should not be closer than approximately 15 inches. If the image plane is 
in the final lens, convergence will be for this distance; therefore the instrument should be designed ee 
that accommodation is for this distance also. The viewing lens can be either a smoothly polished a 
ventional lens, a Fresnel lens, or . lens with a ground glass surface. 

From a purely optical standpoint, the ocular type is more satisfactory than the display type. 

The position of the lenses In relation to the eye permits a larger field of view, and the smaller lens 
elements permit better correction of aberrations, better resolution and light transmission, and less 
optical hare. In addition, the smaller exit pupil reduces the size of the objective that must project 
into the airstream; and because of the small objective sire, two objectives might be used, one on each 
side of the fuselage, providing binocular vision and a good downward field of view — an arrangement 
that would be less practical, for aerodynamic reasons, with the large objective of a display periscope. 
There remains a question that the exaggerated stereopsis caused by the wide separation of objectives 
may disturb the pilot. In the display type, ther-* is a loss of resolution and a considerable optical 
haze if the viewing lens is of the ground glass or Fresnel variety. With the ground glass, light trans- 
mission is so low that a means for reducing ambient illumination in the cockpit must be provided. 

With the Fresnel and the conventional lens, the exit pupil is limited in size to about 5 to 7 inches. 

This size requires a large objective of similar dimension. If the exit pupil is 7 inches, it means that 
the head can move onlv 2-1/4 inches laterally from the center position without losing part of the 
visual field for one eye. This is often disturbing. Binocular viewing is difficult to arrange with the 
Fresnel and true len^ types and impossible with ground glass. The display type can be used with al- 
titude suit visor, whereas the short eye relief ou the ocular type does not permit such usage. 


The visual field that can be provided in the ocular type is some 80 degrees or more. In the 
display type, without minification, space limitations and the complexity of the optics limit the size of 
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visual field requirements described earlier in this section, it is seen that neither of these approach 
the field size required for avoiding air collisions, although they answer the field requirements in 
most other respects. Minification that could be switched on in tiight would increase the field size in 
the display type of Instrument, but still Is not likely to be practical beyond about 80 degrees to 90 de- 
grees. Automatic scanning that would be sufficiently rapid for high-speed aircraft would almost 
certainly be too disturbing to the pilot. 
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Therefore, neither the ocular nor display type cf periscope can alone provide sufficient field of 
view for avoiding air collision or for flying the conventional type of traffic pattern. In general, in the 
hJgh-performaseepiaaM likely to employ periscopes, the available field from periscopes would be as 
adequate for target detection as in most aircraft having windshields. That is, the field would be nar- 
rower, but so would the sooe in which an aircraft of this type could attack another aircraft (Fig. 9.4). 
The field of the display type would be inadequate for low-level navigation utilizing ground check points, 
unlens side windows were provided. 

In aircraft of a performance requiring periscopes, a'r collisions may not be much of a problem, 
because they may operate under ground control when they are at attitu d e s where other aircraft are 
likely to be e n co u ntered. With the display type, side windows provide a field for avoiding air collision, 
leaving no structural blind spot at the Junction of the periscope field and that provided fay the window 
If there is a slight minification in the periscope (Which can be produced by drawing the head backward 
slightly). 

Also, in this type of periscope with side windows, the field for the traffic pattern and ground 
navigation is adequate. The field through theperiscope is adequate for a traffic pattern that crosses 
the approach end of the runway and has a 270-degree turn away from the runway. 

Periscopes of other types have been designed, lac.lndlwg optical devices attached to the head. In 
these, the field size is unsatisfactory for piloting and there are unsatisfactory features in their usage. 

How Periscopes Affect Distance Judgment 

The cues to distance Judgment most used in landing operations are probably as follows. During 
the traffic pattern, i n cl u di n g the tint part of the final approach, aerial perspective, the angular sub- 
tense of objects of known size, and, -: same extent, motion parallax provide the most usable cues (see 
Distance Judgment, Chapter 8). During the last part of the final approach to touebdrr- s the an gular 
subtense of objects, motion par? 11 st and, probably to a lesser degree, stereopsis are the most use- 
ful cues. 

Different periscope designs affect these cues in several ways. If there is optica hateor poor 
resolution, the apparent distance, as indicated by aerial perspective, is accentuated If there is real 
magnification or m i nific a ti on (as distinct from "instrument minification”) in the scope, a false angular 
subtense and motion parallax are produced. A periscope having the Objective at a location different 
from that of the viewing lens with a given eye distance can have unit magnification only for objects at 
one distance. 

If the periscope is designed for unit magnification at, say, a thousand feet, thin difference in 
position erf the objective and the viewing lens can cause significant false cues only if the aircraft is 
close to the runway. Here, it is difficult for the pilot to think of himself as flying the plane from the 
objective of the scope. Consequently, the apparent magnification, giving false cues of size and speed, 
causes the aircraft io appear closer to the runway than is actually the case. 

The reduction in the peris copic field requires motion parallax judgments to be made between 
much smaller angles. 

In general, however, a pilot can do remarkably arc 11 U 5 » 1 e; lluuicu viewing conditions, as the 
following example demonstrates. Experimental flights under conditions 1, 2, and 3 (see below) were 
conducted ir a Ceacna T-50 aircraft In which sheet aluminum panels had been substituted for all 
plastic surfaces®- 2 * The task was io make an approach to landing from straight and level flight at 
800 feet and at a distance of more than 1-1/2 miles from the end of the landing runway. The criterion 
ol pilot performance was the accuracy of landing touchdowns in relation to a designated landing spot. 
The spot was defined by white target panels placed on each side of the runway approximately ens 
quarter of the w*y along the landing strip. The six subjects were flight instructors. Each subject 
was tested five time, (five landings) under each of conditions 1, 2, and 3. A different sequence of con- 
ditions was presented to each of the subjects. A second (safety) pilot did all of the flying except the 
landings. Conditions were: 

I. Outside visual field was restricted to a square described by horizontal and vertical angles of 
about 10 degrees each, binocular visual cues were eliminated by the use of a projection periscope im- 
age cn/it oiu f x G-inch ground glasc -c.acn. 
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1. Visual field restricted as in (1), by the taw of vision- reducing goggle* and a vision-directing 
screen, bat binocular visual cues not eliminated. The goggles had an opaque screen in the vision- 
reducer with an opening"ooe-eighth inch square one inch in front of each eye. The screen in the 
masked windshield had a rectangular opening 4.2 inches high by 6.2 inches wide. 

3. Unrestricted binocular vision in a normal visual flight situation. 

Successful landings were made with periscope ( condition 1) and goggles (condition 2). The safety 
of the landings was Judged acceptable by the second pilot. The most accurate landings were Esfe -ith 
unrestricted visibility (condition 3), while the least accurate landings were made with the periscope. 

Average error for visual landings was 85.1 feet from the landing spot; for goggle landings, it was 
142.4 feet; sad for periscope landings, it was 251.8 feet T be difference between the average accuracy 
of landings made with periscope and those made in ordinary visual flight was statistically significant, 
as was the difference between periscope and goggle landings. 

The problem of "instrument minitication'' needs to be considered. Several possible explanations 
for this effect have been advanced. Some of them have already been proved incorrectP-27 One of the 
most logical explanations is that it is due to curvature of t he field. More research is needed on this 
problem. Some have suggested that '’instrunseet nsteitiodaea" should be compensated for by a real 
m a gnifi cation of about 1.2:1.0. The presence of a real magnification in a periscope for piloting has 
some obvious disadvantages, as pointed out previo us ly. For this reason, it appears that the better so- 
lution would be to try to eliminate instrument m indication in the design of a periscope as much as 
possible. 

For night landings, a high light transmission is very desirable. High intensity landing lights 
have to be provided If the transmission is low, and may be necessary with the maximum transmission 
obtainable. 

The sen is disturbing if it appears in the field of view. These effects can be neutralized by the 
temporary interposition of -a. filter. 

I . v. • 

Precipi t a ti on on the objective is lens degrading to the view than is pi .■c^.u.iion on a windshield. 

The reaso n lor this lsthat,in the case of periscope, any point in the i ™r . is formed from light rays 
traversing the mu-face of the objective at a number of points. Therefore, a droplet does not scatter a 
sole light ray that farms a point in the image, as occurs on a windshield. 

Degrading of the optical image from vibration is not likely to occur in jets, unless there are 
loose optical elem ent s. Any degrading of the image that nay occur from vibration can be remedied 
by damping the vibration in the periscope mounting and components. 

Interference with good imagery occurs under certain conditions with severe buffeting and rough 
landings. This occur? if the buffeting or landing is so severe that the pilot's eyes get outside the exit 
pupil. Since the exit i~pll cn the display type of periscope in many times the size of that on the ocular 
type, this interference with vision is more likely to occur with the ocular type. Also, with the ocular 
type, unless the forehead is well supported, injury may occur with severe buffeting or in rough livin gs 

Orientation with Scanning Types of Instruments 

Scanning types of periscopes have been unsatisfactory for piloting aircraft and may continue to 
be, because orientation is difficult, at least at first — though orientation is less difficult if the dead- 
ahead position remains in the field at all times. Also there is no good method for determining the 
operation of the scan. 

The periscope must not impinge a-, the escape space for ejection seats. This in «>ot a par ticu la r 
problem with downward ejection seats With upward ejection, no part of the scope should be'closer to 
the eyes than about 18 inches (with the present ejection scat design). 

Training 

Training is an extremely Important element in piloting aircraft with periscopes. The handicaps 
resulting from the restriction to the visual field are quite obvious and occur to every pilot before he i| 
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m i, „ <rl , rrmi ii miiT IwiBiiiiir be la not aware of bow much he has to relearn cues tor dis- 

taaoe^Mtaaeat lor that ixrtlculardasUiMcnent. The learning la accomplished by thorough e^lai« . on 
, wl nijrfit «.»ii IT nnanllil t by observing landings through the Instrument prior to his talcing th 
eoataola. The p ilot should not ffipect fobs able to pet into the plane and accomplish excellent lan 
iapaafker little or no lnatructioa or experience in the uae of the periscope . 

VISUAL PRO BLEMS CAU SED BY HIGH ALTITUDE HEIjRIETS 

t her® are four visual problems encoratered in me design and use of high altitude suit visors. These 

(4) visual ingteirments doeto logging off the visor and to the methods used to eliminate the fogging. 

gome of the transmission and distortion problems found in windshields are also found in visors; 
for windshields, see earlier part of this chapter. 

Three ty pical visors that have been used by the Air Force are: One, a cone-shaped visor as 
employed on the MB-5 helmet; this has short radii cfi curvature. Two, a cylindrical visor used on the 
SETSmet; the radius of curvature of this visor is relatively long. Three, a V-s^aped visor which 
has been used experimentally cm the MB-5 helmet 

The visual fiel d Is restricted by the size of the visor and by the limitations to head mobility 
caused by the helmet. A comparison of U;e restricted peripheral visual field with the unrestricted 
peripheral visual field is given in Figure 9. 5. The sideward field of vision that is obtained by rotation 


90 



Figure 9.5 Comparison of Unrestricted Visual Field With the Field in Two I'ypes of Helmets 
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of the heed .is additionally restricted approximately 10 degrees, rhe field of vision is restricted to 
the greatest extent by the V-shapsd visor. The next smallest visual field is obtained with the cone- 
shaped Yisor. The largest visual field with the least restriction is obtained with the large- radius, 
cylindrical visor. Restriction of the rearward visual fields is most noticeable to the fighter pilot 
who requires full rearward view to deter* enemy attack. A full field of view is important to crew 
members of many types of aircraft in order to view the consoles which are placed in nearly every 
available location. 

The severity of optical distortions depends primarily upon the radius of cuivature employed. 

The cone-shaped visor has the greatest distortions, due mainly to the shorter radius of curvature. 

The cylindrical-shaped visor has less severe distortions, while the V-shaped visor has the best opti- 
cal quality of the three. However, the V- tyye produces very undesirable reflections, which are seldom 
present with the curved visors. 

The visors introduce an eye relief problem when ocular-type optical sights must be utilized. 

The eye relief distance of an optical sight is the distance from the ocular lens of the sight at which 
the eye must be placed in order to obtain a full field of view. If the eye is either closer to or further 
from the sight ocular lens than the eye relief distance, the full field of view is not obtained. This dis- 
tance varies according to the design of the optical sight. To be used with the altitude helmets pres- 
ently in use, the optical sights should have & minimum eye relief distance of approximately 50 mm. 

This provides a full field of view through the sight for 95 percent of the suit wearers, if the suit is 
uninflated. Binocular sights are difficult to develop that will function satisfactorily with altitude suit 
visors. 


Either fogging or frosting of the visor produces unsatisfactory visibility for the wearer. In ad- 
dition, the provisions to prevent fog and frost formation ordinarily affect the optical characteristics 
of ih>. viaor adversely. The methods used to avoid these conditions are heating, air insulation between 
outer and inner visor elements, the drying action of a* Seated or heated oxygen sweep, and a com- 
bination of these methods. All of these methods are detrimental to vision to some extent. Thus, it is 
necessary to consider these visibility decrements in conjunction with anflngging anti antifrosting 
performance under various conditions. 

Heating the visor may be accomplished by usinv an embedded wire grid or a conductive cositing. 
The wire grid creates an annoying "picket fence” effect, as well as a slight reduction in resolution. 

The low light transmittance provided by the conductive coatings, with the resultant decrease in night 
visibility, has in the past led to a preference for the wire grid beating method over the conductive" 
costing method. Asfdc from the lower tight transmittance, the e csd uctiye costings are superior in 
optical quality to the wire grid heating elements. Neither electrical heating method can function dur- 
ing escape, when the wearer is separated from his power supply. 

The dry oxygen sweep method by itself has never functioned under severe conditions even when 
the oxygen was thoroughly heated. However, by combining the double-walled and the oxygen sweep 
lue hoas, satisfactory antifogging and antifrosting conditions have been produced that function even 
during escape. 

Fields of View 

Altitude helmets restrict the wearer's field of view in several ways. The field of view is re- 
stricted by the size and shape of the visor openings. The present helmet, which is equipped with the 
cone-shaped visor, particularly restricts the upper and sideward areas. The oxygen valves, when 
mounted on the visors, restrict the downward field to an appreciable ertent. More recent modifica- 
tion' 5 which lu«.ve placed the valves low on the visor have improved the visual field in this area. 


Head mobility is reduced by the neck seals and tie-down cables, thus limiting the total field that 
normally is available with head a*^ eye movements. Mot only is the head restricted in its movement, 
but also the helmet lags behind head movements, especially when the head is rotated to its greatest 
extent, as when the wearer i3 attempting to look to the rear. In addition to these limitations, the hel- 
met may < tact various objects in the aircraft and thus prevent the wearer from placing his eyes in 
the po*'*loi f best view. This occurs • ••hen a fighter pilot attempts rearward vision; the helmet 
’rikes the < lopy, thus preventing him from moving his head to the side sufficiently to see past the 
■ :•»! "jeftion rails and seat back in some fighter aircraft. Also, helmet contact with gun-scanning 
stern prevents the gunners from obtaining the full mobility usually necessary for the maximum field of fire. 




A tall field at view with minimum rearward restrictions U a necsssit? In fighter Aircraft Hurt 
ui^ be ettataed from fee rear sad do m* have adequate *£•<& warning dsvicee. ■«* altitude hel- 
meta provide Inartsgwat* tldta of view ter traffic patten ftytay, and would npm* the pilot to ewamy 
fighters ueder combat coaditteaa. Iheli^rpUotAlaoliMdtau^vlfwl^thecooioleeBlAcedh*- 
•Me the Mat, while wearing foe altitude gut and helm*. -tt* bomber pilot tea the warn difficulty 
with viewing ripaiiiaa moulded above, to the alds/awd to the rearward, With mm MmIii, foe wear- 
er moat hand Oh head forward, beoauae of oib wi valve restriction*. in nnter to ass Bus Iswftf forward 
taatnment pseel. 

A oowpartaoo of the altitude helmets tadtcatea that the large cylindrical visor p rovide s a much 
better vie sal field, parti culerly to the upward and sideward areas, fomi dose the cmallerooBe shap e d visor. 
Figure 9.1 illwetratea the visual field* of these helmets and compares them with the unrestricted vie- 
uslfiskL The ftalde were m e asur e d with foehesri is oao-flasd postUoa, lad with theeyac rotated 
maiiratlly toward foe test target- The teat target was huge enough so that He »Ue did not infl ue nc e 
thesis* «f fos visaed field oMaiaed; thus the per>tph*m fields rather than central flelta we ra measured. 

Teats aid evaluations of the fields available to the wearer at various helaaets have been found to 
be more accurate when the testa are made with the head held la oee poslttei. Hit total field — foe 
field available by eye and head movements and foods body Movements pe rmi tted by the parachute, 
safety hara ses, etc, — determines operational suitability. However, it has been found that foe total 
field depeede upo n foe e a ao ni of effort rnwriudbythe wter ertaovur tym in g the raMtotaacethm obfl- 
*ty, and dm it to dBffeutt to —he accurate mea s n i’ Wara t a vatfo are ra p taSH i. for purpo se s of 

x x— ■ — « -»<-•“ U -»— rti fi »}|j ftiiri lin e d nn B lii i m rr nihn a -— ■*■ - : ! 

Testa, however, have been made of foe amount of msbiUty restriction taw to the altitude helmets. 

Wife foe h e lm et c atena ted, head iviatlumd movaarntfs an natrtiUid Monacffnately ID dearer*. 



The optical reepdrsments ter high vtene) p e r fort c q o ce lave Itmg been establistei f-sr CuTfECUve 

eye wear sad tor nou-eorreclive glare-protective dr.ices, each is s u e giaaa e e Hsu roqulrewunfi 
eomot baniapted for a ld tade helmet users withoot toa dlftaa B ea . Certain reducUnw in the efcove 
•testate* arc necessitated by foe else sod htartat curvwtere of foe visor* and by the poorer quality 
obteleeble wifo forme d plastic* se compand wife ground optical gssa. 

Tkm visor* ere tensed from flat sheets into either cylindrical or cone -shaped visual areas. Al- 
though foe surfaces are parallel, a refractive component is created by foe curvature and thickness of 
these visors. A minus cylinder with juiis at 00 degree# 4s created sod this ran amount to cylindrical 
Ism power of -u.iv diopter. This refractive component is responsible for a small loss in the vltnal 
acuity of the wearer. It cati also produce eyestrain when went over a period of time. Thi» refractive 
component of foe visor can reduce the disuse* for detection and recognition of other aircraft as well 
e* the reeotaHon of object* ns seen through optical Instrument*, such as bomb, gun And navigational 
sights. 


The prismatic power induced by foe visor is Important when marked changes In prists power 
occur la ad jae ewt arose, thus producing distort lot. Prismatic power differences a areas vlrwsd by 
each aye are psittewlarly important where ■ vertical prismatic imbalance estate. A small annum of 
vertical prism im b a la n ce between foe two eyes can produce aevore eyestrain, mid even double vision, 
whereas the same amount of horisontal prismatic Imbalance can be easily tolerated. 


The chape of the visor Influence* lie optical quality considerably. Carved visors of large radii 
are easie r to fabricate, aad can be more accurately mad* thau visors of small radii, when • tensing 
process Is used. la addition, the inherent optical distortions are greater when email radii are em- 
ployed. Both foe refractive and space distortion effects d ecrea se in severity whan a long radius of 
ttuvatwra 1* present. The Oat surfaced V-shaped visor is ideal frost tide StaafoBtai. The greatest 
visual u fo s rt te n to fos V-shaped visor is eansssive reflections, which distract end late rf ere with vis- 
ual perforaraws, Smprfeiaciy, fos vertical line in the center, dividing foe two aides, offer* very 
little visual totorferewc*. Owe to the refractive index of fos material foie cemented joint appears as 
a thm Use to foe wearer of foe visor. Except for foe refteritons, the V-shaped visor provide# foe 
toted am maH ef rtoaal totaiftproc# ami tbt bset optical characteristics obtainable la may visor de*lga 
iwfltesd: teS’^SSaasl £te£rastogs of V-shaped visor to an undesirable limitation to os vUrtml 
fMd. Bscsoee ad foeee ptofalMSV, foe V-almped riser to considered only ter use by crew member* 
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who Art rtquired to use optical sights. The improved eye relief distance afforded by this visor, plus 
the high optical quality, makes this design highly desirable for navigators, bombardiers, and gunners. 

( When using befogging wires, the combination of shape of visor and the wiring introduces addi- 
tional optical effects. The wired section may be flat or have a spherical, cylindrical, conical, or 
compound curve. The spherical and compound curves are very undesirable when a wired heating ele- 
ment is incorporated in the visor. The difficulty in fabricating optical quality items with compound 
curvature is considerable by itself, and the wires induce additional distortions. With the development 
of cthc; it ~=y -sll tie that the spherical .d compound curves will provide 

deslrat ie features for visor assigns. With the wired visors, the flat, cylindrical, and cone-shaped 
configv rations have provide* the best optical qualities. 

< me approach to the opt ical power and distortion produced by curved visors is to design a sup- 
pleme tary Jons system to correct those defects. These lenses are worn in goggles designed to 
exclude the breath from reaching the visor. Thus it serves two purposes, the correction of optical 
compc aents so as to improve ihe visual performance of the wearer, and to provide a system to pre- 
vent the formation of fog or frost on the visor. 

Eye Relief 

Altitude helmets introduce an eye relief problem when the wearer attempts to use ocular types 
of optical sights. With these sights, the observer must place hie eye at a definite distance from the 
sight eyepiece lens in order to use the maximum field of view available with the sight. This eye dis- 
tance is referred to a* the eye relief distance. Technically, It is the distance from the eyepiece lens 
to the exit uqpil of the optical system. TO obtain a maximum field of view, the pupil of the eye must 
be placed at the exit pupil cf the optical system. If the eye is placed nearer or farther away from the 
eyepiece lens than the eye relief distance, the field of view available to the observer is reduced. 

Table 9. 3 lists the eye relief values of one type of altitude helmet. Two sets of values are 
listed in this table. The first set shows eye relief distances as measured to the outer vision surface. 
These values can be used If tho sight eyepiece diameter is small enough so that the eyepiece contacts 
the visor only, and does noi Jar enough to contact the helmet also. When the helmet contacts 

the sight eyepiece, the visor is held out from the eyepiece and thus increases the effective eye relief 
distance. In this case, second s_: of values listed in Table 9.3 are applicable. 

Table 9.3 Helmet Design and Eye Relief Values 


Eye Relief Values for K-l MB-5 Helmets 




Monocular Sights 

Binocular Sights 

Mean Values 

95 percent no 
greater than 

Mean Values 

95 percent no 
greater than 

Cone-Shaped Visor 



1 


Visor only contacts sight 

35 

42 

47 

56 

Helmet also contacts sight 

39 

48 

50 

59 

V-Shaped Visor 





Visor only contacts sight 

30 

37 



Helmet also contacts sight 

37 ^ 

44 

Not Ap^ 

ilicable 


Note: Helmet contacts the sight eyepiece when the eyepiece dm meter exceeds 80 mm for the average 
user. Hawe^er, to include 95 percent of the users, the eyepiece -iameter must not exceed 48 mm to 
prevent helmet-eyepiece contact. 


In order to evaluate the chances of the helmet contacting the sight eyepiece, additional measure- 
ments were made. Tneae consisted of measuring the distance by which the straight-ahead line of 
sight Is below the nr per helmet-ylsor margin. Thia distance- represents the maximum sight eyepiece 
radius that can be utilized without the eyepiece contacting the helmet margin. It was found that these 
values ranged b< iween 24 mm and 58 mm frr 95 percent of the group measured. The mean value for 

Best Available Cop> 
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this mtiirnrrmmt IS .40. 2 am. , : Both the eye relief distance and the distanced the line of sight below 
the tapper, margin of the visor, are needed to predict the integration capabilities of new optical sighting 

instruments, with, altitude hel»eU v ^ 

In considering helmet Tisor modifications which would improve the helmet-sight integration 
characteristics, eeveral pcssible approaches are considered. The over-all helmet size is in itself an 
influencing factor on the, eye relief distance which the visor eetablishes. Reduction in helmet size 
would reduce., the eye relief problems where helmet contact is an important aspect, as is the case with 

tne large size eyepiece sights. 
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Tlie visor-nose clearance is the limiting element in placing the visor closer to the eyes. Mod- 
ifications to the K-l type d vi*or shape have been fabricated and evaluated in which the visor was 
recessed in the eye areas to reduce to a minimum the eye relief distance and yet maintain nose clear- 
ance. This approach proved impractical because of the very small areas which were obtainable free 
from distortion, and because the majority of the sights used had eyepiece diameters too large to be 
accommodated by the small recessed visual areas of the visor. 

Another approach suggested by some optical designers is to construct the visor with thick lens 
inserts mounted before each eye. -Essentially, these lenses shorten the optical distance between the 
eyes and the outer visor surface, due to the refractive index of the lenses. Unfortunately, such thick 
lenses must be parallel Jo prevent. space distortion, and, because of this, the outer surface is farther 
from the eye than is the due with a, curved visor which permits a sideward eye position with monocu- 
lar s i g ht s, and thus a. shorter eye relief distance than is obtainable with the thick lens type cf visor. 

In addition, this design provides a very minimum of eyelash clearance with frequent trouble with the 
eyelashes sweeping the rear lens surface and depositing grease upon this surface and thus reducing 
the clarity of the lens. In addition, there is an unacceptable reduction in the visual field required, 
when t.:: rights are not being used! 

The most successful modification is the V-shaped visor, consisting of flat areaz an angle to 
eacn other so as to form a central vertical joint between the tr/ o sidei. 7 v is visor provides the opti- 
mum eye relief conditions and clarity ntf view which is - -or use with high resolution optical 

sights. This design has two main drawbacks. The first the reflections which occur from the flat 
lens surfaces. Light can enter one side of the vis or cross over to the far side, and be reflected into 
the wearer’s eye. Since these reflections are from flat surfaces, images are formed which are visible 
to the wearer. When looking straight ahead, imagss of objects to either side of the wearer may be 
seen. These reflections are very distracting and annoying to the wearer. Anti- reflective coatings 
fail to improve this aspect due principally to the fact that the straight-ahead line of sight is not 90 de- 
grees to the surfaces. With the curved visors, reflections can occur; howevei. image formation is 
not produced and the wearer fails to observe this type of visual interference. It should be pointed out 
that these reflections are not a problem while using an optical sightand cause interference only when 
the wearer is otherwise engaged. 


v --Vith the V-shaped visor, the head must be turned somewhat to one side when using an optical 

A =ight. This is required to position the visor flat against the sight eyepiece and thus reduce the eye 
% relief distance to the minimum available. It is not uncommon for the user of a monoc-ilar type of op- 
tical sight to burn his head to one side as described above even though he is not wearing a high alti- 
tude helmet. This feature of the V-shaped visor should cause little if any change in the using proce- 
i dures for monocular optical sights. The V-shaped visor does not improve appreciably the eye relief 
* distance over the conventional type when used with binocular sights. 


. The characteristics of optical sights which are desirable for helmet-sight integration should 

also be considered. This is especially true for new sight designs where it is known that the users will 
also be wearers of high altitude suits. The sight designer should not only provide the required eye 
relief as listed in Table 9.3, but should also consider how these distances may be altered by helmet 
and visor contact with the sight eyepiece guard or shield. In addition, some sight installations are so 
positioned that it is awkward or uncomfortable for at least some users to place the helmet and vi 3 or 
squarely into the eyepiece guard. 

Sights which were designed pr or to the advent of the high altitude helmet may be modified to a 
limited extent to improve the integration characteristics. A redesigned cyeuiece is a possible method 
Of i: creasing the eye relief distance and thus improving the helmet-sight integration. These sights 


were designed with eye cups to fit the facial features end sot to fit the riser eomiguraiioa. These eye 
cups exclude extraneous light from the user’s eye and properly position the eye at the correct eye re- 
lief distance. When the altitude helmet is worn, the conventional eye cup prevents proper eye position- 
ing and fails to exclude the extraneous light A redesigned visor guard which covers the entire visor 
so as to exclude extraneous light is required. In addition, the guard must permit the visor to be 
placed as near as possible to the lens surface of the eyepiece m orr?** r for proper eye positioning. 

Some sight eyepieces have a thick lens mounting ring which in itself prevents the visor from being 
placed close enough to the lens for proper eye positioning. A properly constructed lens mounting ring 
can be substituted to overcome this difficulty. 

Binocular sights are impractical when an altitude helmet is worn. Helmet and visor curvatures 
require a greater eye relief distance for a binocular sight than for a monocular sight. With the uiott- 
ocular sight the head can be turned so as to reduce the eye relief distance. This is not possible if 
both eyes are simultaneously used. In addition, the size of the eyepieces of binocular sights are lim- 
ited by the distance between the two eyes. The longer eye relief requirement and this limitation to 
eyepiece diameter restrict the field of view to an impractical amount when binocular sights are r on- 
ployed. It has been found that 60 mm of eye relief is required with a binocular sight to provide visor 
and helmet clearance. The interpupillary distance may be as small as 60 mm. Due to lens mounting 
requirements the actual lens diameter cannot exceed 53 mm if individuals with the above pupillary 
separation are to be considered. The maj^mum angle subtended by this diameter lens from the re- 
quired eye position is 44 degrees. The minimum field requirements fer gun and bomb sights has in 
the past been 70 degrees. Since a large field of view Is more important to the user than the simulta- 
neous use of both eyes, the binocular sight is not considered to be a practical type for use with altitude 
helmets. Figure 9.6 illustrates these limitations to fields of view and eyepiece diameter. 


BINOCULAR OPTICAL SIGHT 



LENS 

MOUNTING 


Limitations to Use of binocular Si£h*6 While Wearing Altitude Helmets 
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H*l?aei isfUtlloa c aa «i the visor to move forward and up. Thus the eye relief condition be- 
comes more severe. However, the wearer can prevent this from occurring by pushing his head for- 
ward so that the visor is pressed against the sight eyepiece guard. A moderate amount of pressure 
is required to accomplish this. When this is done the eye relief distance which is obtainable with the 
helmet in the uninflated condition can be maintained and in some cases it can even be reduced. Un- 
less the si ght must be used for extended periods while the helmet is inflated, no great difficulty should 
he experienced. 

Antifoggiag and An tif resting 

The inner visor surface may fog or frost thus obstructing the wearer's vision. Fogging some- 
times occurs .wen at room temperature, awl frost formation always occurs in freezing ambient 
rravHKnne unless so me antifogging and antifrosting method is provided. Extreme ambient tempera- 
tures iure a possibility and should be provided for. These are emergency situations, such as loss of 
electrical power, canopy loss, or actual bailout The power loss situation is doubly critical in that s 
power failure on modern aircraft usually occurs only during engine failure or some other extreme 
situation where the aircraft is no longer operative. With a loss of power supply to an electrically 
heated visor, fogging or frosting may occur at a most critical time for the wearer, who is under the 
stress of an emergency situation. 


With canopy less, a severe fogging and frosting condition prevails. The ambient air tempera- 
ture may drop to as low as minus 65* F and the wind velocity upon tee visor may be very great. Heat 
dissipation from the visor is thus very rapid with a resulting fog or frost formation upon the inner 
surface, a. study of these conditions was made by the University of MlchiganP-28 The most difficult 
situation to provide for antifogging and antif resting is during bailout. The electrical power from the 
aircraft is no longer available. In addition the worst conditions of temperature and wind velocity are 
likely to prevail. At times accumulated pools of perspiration may have collected in the neck area of 
the helmet and this is thrown upon the inner visor surface where it quickly freezes during the free 
fall period of bailout. The wearer's loss of orientation during such a situation may easily induce him 
to prematurely actuate parachute opening. 

Several methods are in use or have been proposed to provide antifoggiag and antifrosting char- 
acteristics. The first to be discussed is the wire grid. This grid is laminated between plastic layers. 
Diffraction produced along each wire is responsible for a slight reduction in the resolving power of 
the eye. Wearers sometimes observe a picket fence effect, i.e., alternate dark and light streaks in 
the visual field. The dark streaks, even though they never obscure even the smallest target, appear 
to be wide and all out of proportion to their actual width, compared with the space between the wires. 
This effect reduces visual performance more by distraction than by actual reduction in visual reso- 
lution or acuity. The wires have been a considerable source of trouble to the visor fabricator. They 
have been a source of distortion defects in the plastic layers. Improved fabrication techniques were 
required to permit the fabrication of visor j of good optical quality. 

Electrically conductive transparent coatings are another method of providing antifogging and 
antifrosting. The Nesa and Electrapane coatings have been used for this same purpose on aircraft 
glass windshields. However, the development of similar coatings for plastic materials has lagged be- 
hind that for glass. Problems of adherence, sufficient light transmittance, and. sufficiently low resist- 
ivity have plagued the developers of these coatings. The use of a coating eliminates many of the 
disadvantages of wires, and permits the fabrication of higher optical quality plastic visors. It appears 
best that these coatings be laminated between layers of plastic to prevent scratching and the resultant 
development of hot spots and the eventual disintegration of the conductive coating. The use of either 
an overcoating or a verv thin laminate Invar bo that the conductive coating may be placed very near 
iur.cr visuj ouriace greatly reduces the heating requirements for the element. 

It is highly desirable that the visor have a light transmittance value in excess of 80 percent, and 
that the conductive coating resistivity be less than 20 ohms per square area. The attainment of these 
two requirements has as yet never been simultaneously demonstrated. The objectionable features of 
the coatings are the increased reflections which are annoying io the wearer and the loss in light trans- 
mittance which adversely affect9 night visual performance. 

Another method ;o prevent fog and frost formation is to use the incoming dry oxygen tc dry the 
visor tr/ causing It to sweep across the inner visor surface. Commonly this is done by directing the 
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oxygen from the helmet Inlet valve through a tube which pauses around and across the top of the visor 
opesiag. A series of small holes are properly spaced and located so that the oxygen Is directed from 
along the top, downward across the vljbsl area. This method by Itself has never been proven to be 
effective under cold conditions. Wbenused by Itself the best that can be expected is that a small area 
near the outlet holes may be maintained free of fog or front. 

The U. S. Air Force altitude helmets permit the exhaled air to contact the visor thus providing 
excellent conditions for fog and frost formation. The U. a. Navy altitude helmets contain a face mask 
which directs the exhaled air out of the helmet and prevents this air from contacting the visor. An 
oxygen sweep method is used to keep perspiration and moisture, which may leak from the face mask, 
from fogging or frosting the visor. This method has the advantage of eliminating the necessity for 
electrical power and thus is attractive for emergency situations, The Navy method also has several dis- 
advantages. One complaint frequently made by V£Sucr3 of tmr# type of helmet is that the additional 
discomfort of the fai^masfc imposed upon that of the helmet is undesirable. Considerable difficulty 
has been experienced in keeping the mask in place during head rotational movements, where the hel- 
met lags behind head movements and drags the mask with it. Under these conditions, mask leakage is 
very evident and visor fogging or frosting results. The comment has been made by some wearers that 
if you are not active it functions. 

Another method or combination of methods shows promise. The oxygen sweep when combined 
with a double-walled or thermopane type of visor has been tested to very low temperatures without 
fogging or frosting of the visor. This method depends upon a dead air space between the walls of the 
visor to provide in su l a t ion, and on the oxygen sweep across the innermost surface to assist in pre- 
venting moisture deposition. This type will be used on a series erf very high altitude parachute jump 
tests, where electrical heating is not practical. The disadvantages to this design are the increased 
reflections provided by the multiple visor surfaces, and the problems of distortion magnification 
which occur with multiple transparent elements. In addition, the lack of accessibility to the between 
layer surfaces for cleaning is another problem. 

Various chemical antifogging preparations, either in a solid or liquid form, separately or on an 
impregnated cloth,are available for several common uses such as prevention of fog formation on eye 
glasses, windshields, goggles, mirrors, etc. These chemicals are all wetting agents and are hydro- 
philic in action. A perfectly clean surface, if possible to obtain, would function in the same manner. 
Essentially these agents prevent droplet formation and induce the sheeting out off the water layer, thus 
m ai n ta inin g a good optical surface. The deposition of water upon the surface exists with the use of 
wetting agents and therefore freextag is not prevented. Under perfect conditi ms the ice layer is 
clear with good optical characteristics. However, die least surface imperfection can be the origin of 
a frosted condition which rapidly spreads over the entire area, destroying the optical quality of the 
ice layer. Thus ant if eg chemical preparations are of little use under freezing conditions. 

OPTICAL TELESCOPES (BINOCULAR AND MONCX.ULAR) FOR PILOT USAGE 

Binoculars for pilot usage can be of great value in identification if they are properly designed 
for the purpose. The critical difference between the use of binoculars by pilots and other individuals 
is one of time. The pilot must be able to promptly shift his view, back and forth, from direct vision 
to the view of the object in the binoculars. The best solution to this problem appears to be a helmet 
mounted binocular with an angulated sight line. 

Need 


Binoculars are needed by pilots in certain phases of missions, in order to extend the range off 
vision. The advantage of extending the visual range is to identify an object as enemy before the enemy 
can detect and identify. This gives a tremendous advantage in positioning for attack, avoiding vulner- 
able approach, or in evading attack. 

It is useful to extend the visual range for search and ior identification. Search is the scanning 
performed in order to detect objects of possible interest. Identification is the determination of the na- 
ture of a detected object, sufficiently exact for the purpose at hand. Therefore, search ic the first 
phase of the search and identification procedure, and involves scanning. Identification is the second 
pha^e, and does not involve scanning, except for the location of the detected object in the field of view 
for identification purposes. 
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Tbi psrisrsssCs cJ liiwCu U# in search is mile rent from their performance in identification, 
becawVof*tbe scanning neersoarj in search. For binoculars to be of value in search, objects must 
be detected at a greater rai*e thai with direct vision. Kvea though the range at which objects can be 
seen with binocular s is greater th n with direct vision, search for the object* presents a problem be- 
cause ths of view through th binocular is much smaller than the field of view with direct vision. 
Therefore, several times the nmober of have to be made with the binoculars. In order to 

detect objects at a greater raj* j with binoculars, search c* th- necessary area must be completed in 
less than the time required fo* the aircraft to travel the difference between the binocular range and 
the visual range, plus the tir.e reouired to complete the direct visual searcu. For example, assume 
»*>»t the binoc ular range is dx mllet the visual range is three miles, and the aircraft would travel 
one mile in the time rtqu' .od to con plete a visual search. For the telescope search to be of more 
value than the visual seat sh (based <n 100 percent probability of detection), it must be accomplished 
in lass time than is reqtd. ed for th „• aircraft to travel 6 - 3 + 1 ■ 4 miles. Since a large number of 
fixations are requir'd to Cl rnple' jiy search a field through binoculars, the faster aircraft travel a 
covdderable distance during tn»» time, consuming most of the difference in visual range. 

In a comparative trial of binocular and visual search®-32 ; the smallest available marine target 
(a radar training buoy) was used. The binoculars of 8x magnification normally issued to reconnais- 
sance os- sea-search crews were used. Aircraft crews and two observers made 101 runs in bomber 
and reconnaissance aircraft. Only one of the two observers used binoculars, although both were given 
the same sector to search and both had identical looker! position# (bombardier or co-pilot’s position). 
Naked-eye search missed the target on fewer occasions than search with binoculars, but when the 
buoy arms sighted by both lookouts, the average range nf sighting was greater with binoculars. Other 
sources^ -S', 9-52, 9-53 indicate that, in the present stage of tho art of detecting objects from aircraft 
by day, naked-eye search is generally more effective than search with binoculars. They usually do 
not increase sighting rang* appreciably when visibility Is less than five miles. Also, since the use of 
binoculars lowers pilot performance in other respects, binoculars are of value in search only when a 
very small field has to be searched. 

On the other hand, the value of binoculars is definite in identification, where the object has 
been found already by naked-eye search. Identification should always be faster through the binoculars, 
except where there is excessive time loss in finding the previously detected object in the binocular 
field. If there is a means of promptly locating the detected object in the binocular field, there ia no 
appreciable field to scan, and sc ordinarily a large amount of time is gained in identification through 
the binoculars. Therefore identification by binoculars has a definite range advantage over that by di- 
rect vision, provided seme of the problems in binocular usage are solved. 

There are several important operational needs for extending visual range, in tactical air war- 
fare, there is the need to identify air objects without approaching any closer than necessary. The 
first identification of an opposing aircraft gives a tremendous and often decisive advantage over the 
enemy, in positioning for attack, or in evading attack. There is also the need to identify ground ob- 
jects at the maximum range. This is necessary in order to avoid reconnaissance flights over heavily 
defended points, and to avoid flights over certain points that would disclose that reconnaissance has 
been made. 

In the strategic mission, extension of visual range i3 needed to ensure the earliest identification 
of other aircraft by bombers and by their escort fighters. 

In the ai r defense mission, there is a need for the earliest identification of aircraft, without get- 
ting within vulnerable range. 

T n the air rescue mission, the effectiveness of the search for survivors can be increased by ex- 
tending the range for search and for identification. Extension of the identification range enables a 
pilot to identify suspicious objects off his prescribed course without making unnecessary deviations. 

In this type oi mission, in multiplace aircraft, the effectiveness of a search phase may also be in- 
'■reased by the other crew members using binoculars. Binocular search in this case is more likely to 
be of value, in comparison with direct visual search, because each crew man can be responsible for 
only a small search area. 
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Sgvtni pmb taM must be solved in order for binoculars to be of value to a pilot. He should be 
able to use them la a large field about the aircraft, in some cases up to 330 degrees In azimuth. He 
must be able .to change his view promptly from aided vision (1. e. , through the binoculars) to unaided, 
and back to aided. That is, upon detection of an object by direct vision, he must be able to locate? it 
promptly in the binoculars; and he must be able to scan promptly the aircraft instruments and scan 
outside the aircraft. In order to avoid collision. 

The binoc ular s must not be subject to vibration or hand tremor. The) must not be so bulky as 
to strike the canopy unnecessarily when the pilot is looking over the side of the aircraft. The weight 
must be acceptably low for static support and so thst they will not push too hard against the head or 
be wrenched away under high g-forces. The binoculars must not interfere with other equipment and 
procedures. 

In general, binoculars can be designed to be used in three ways — plane-mounted (i.e., mounted 
on the aircraft), hand-held, or helmet- mounted. 

The plane-mounted binoculars solve the weight and hand tremor problems, but they are not very 
useful, because they cannot be designed to sweep the required field freely. This design has little pos- 
sibility for success in future development. 

The hsnd-beld Msecelars solve the vibration problem fairly well, but hand tremor is still a 
factor, especially when the aircraft is subjected to buffeting. The effects of tremor can be corrected 
only by stabilised optical elements, which add to the weight of the instrument. The pilot cannot shift 
his view promptly back and forth from the binoculars to the aircraft instruments and the rrtside and 
back to the binoculars. No satisfactory means has as yet been devised for finding an object promptly 
in this type of binoculars, hi hand-held monocular telescopes, ring sights attached to the monoculars 
facilitate finding objects; otherwise they have the same deficiencies as hand-held binoculars. The 
weight is unacceptable for protracted usage or when the pilot ia subject to high g-forccs. 

Helmet-mounted binoculars are satisfactory for prompt shifting of view and for finding an ob- 
ject in tbe telescopic Held if the optics are angled so the pilot can see five degrees or more above the 
horizon with his naked eye, under the binoculars. 

Binocular Optical Systems 

Two main types of binocular optical systems are in general use today. The Galilean ia by far 
the simplest type from a design viewpoint This Je lign is 'Utilized in the so-called "Sports cope," or 
spectacle binoculars, as well as in opera glasses. The Inst ruments are small, compact and light - 
weight?-*® 


The Galilean system employs a positive objective lens and a negative ocular or eyepiece lens. 

An erect image can thus be achieved without resorting to the multiple reflections of the image that 
are necessary in a prism binocular. However, the exit pupil of the Galilean system falls between the 
objective lens and the ocular. The system thus suffers from a narrow field of view even when the eye 
is placed almost in contact with the ocular. When the instrument is required to have 20-30 mm eye 
relief, as in helmet-mounted binoculars, the problem of achieving a suff icient visual field is accentuated. 

The chief advantage of the Galilean telescope is its short over-all length, which suits it for use 
as an opera glass. Also, since there are only four air-glass surfaces, the images are very brilliant 
and free from flare. On the other hand, the small field of view is a serious disadvantage, and conse- 
quently the highest practical magnifying power is about 2x?-49,3-50 

The need for a compact erecting telescope of magnification higher than 2x is met by the prism 
binocular. It is essentially an astronomical telescope (positive objective lens and positive ocular) 
with prisms inserted in the light path. The prisms serve to diminish the length of the instrument and 
to invert and reverse the final image so that it is presented to the eye in correct orientation. Various 
types of prisms are used; the so-called "Porro system" is the most common. It consists of two right- 
an^le prisma, the first of which inverts the image; the second reverses it right to left?-49, 9-50, 9-51 
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ism binocular is considered to be more suitable than the Galilean for a hcImet-mouJited^ 
binocular, sin ce the prism binocular has a suitable magnification (at least 3* is desirable) and Its eye 
relM is better and its field sixe larger than in the Galilean. 


Design Characteristics that A" act Visual Performance 

The human eye it s e lf must be considered in the design of blnoculRrs9“38,9-45 The detection 
range of the eye depends upon fire variables: (1) the inherent target area, (2) the inherent target con- 
trast. (3) the brightness of the background against which the target is viewed* - 43 1 (4) the meteorologi- 
cal name, and (S) the s tee of the target. Visibility charts are available which make it possible to 
compute the detection range of the unaided eyeP-3* Binoculars affect these variables by magnification, 
contrast rendition, light transmission, and exit pwpil of the binocular? -4 5 

A myr iad of studies on ma gnificati on are reported in the literaturri>-31, 9-33, 9-34,9-50 in sum- 
mary, it should be remembered that visibility is not improved in direct proportion to the amount of 
Whenever allowance^ are made for atmospheric conditions* -48, effects of vibration, 
etc., it is seen that the increase in range at which a target is just detectidri* with the naked eye is not 
proportionately increased with the magnifying power of binoculars9-30,9-41, 9 -44,9-46, fc-47 This is 
e s p eci ally true in hazy or smoky atmosphere. A series of curves has been prepared *~4b which 
show this. 

As pointed out above, magnification is a hindrance in using binoculars for most sea rch purposes. 
For magnification probably should not exceed 4x in helmet-mounted binoculars due U» 

alignment vibration factors. If the optics can be stabilized in a hand-held instrument, an increase 
in magnification would be in orderP-29,9-57 

The apparent brightness of a binocular image depends on the light tra nsmi ssion of the optica?- 33, 
9-38,9-59 in general, the brighter the image the easier it will be tc see. Therefore, it is impor- 
tant to keep the number of air-glass surfaces to a minimum and to cost all these surfaces with anti- 
reflectioa coatings. A gain of approximately 25 percent in Light transmission is possible by using a 
magnesium fluoride coating. In terms of increase in range, this means very little in bright daylight. 

At night, an increase In range of approximately 15 percent can be effected*- 30.9-54.tt-5*? 

The light-gathering power of binoculars depends up a the diameter of the objective lenses.9-51 
Large diameters are important only at n { ght when there is little light available and the pupil of the 
eye is large. 

The exit pupil size is one of the most important characteristics of binoculars?- 30 , 9-49,9-57 
The exit pupil Is the image of the objective formed by the ocular. The brightness of the retinal image 
in the eye is at a maximum when the pupil of the eye is filled with light, and it decreases in proportion 
to the area of the exit pupil when the exit pupil is smaller than the eye pupil. Ideally, therefore, the 
exit pupil should be the same size as the entrance pupil of the eye.® -49 However, in practice; the exit 
pupil size is generally larger to compensate for any misalignment with the eye. 

The pupil the eye varies from a diameter of approximately 2 mm in daylight to 8 mm in dark- 
ness. Therefore, the required exit pupil size depends upon usage. In binoculars to be used only in 
daylight, the exit pupil probably need not exceed 4 mm. For use at night, the size should be in- 
creasedv-35,9-54 


Eye relief In defined as the distance from the last surface of an optical instrument so the plane 
of iht exit pupil of the 8yste»a?“^9.9-50,9-57 if the eye relief is short, the eye must be placed very 
close to the ocular leases, In order to utilise the full field of view of the binocular. In an airplane, 
where vibration is a problem and turbulent air may cause a bumpy ride, it is important that the ocu- 
lar lenses be far enough from the eyes to keep the binoculars from striking the head. Therefore, the 
eye relief should be longer in this type of binoculars than would usually be necessary in conventional 
types. In addition to the safety factor, binoculars with short eye relief are difficult to use, since they 
must be pressed constantly against the head in order to obtain a full field of view. Or tvs other hand, 
binoculars irtth too great an eye relief will be more difficult to align. 

ft is easy to specify tbe optical qualities of an instrument. These are expressed in terms of 
light tntrus mission, resolution, aberrations, ima lens defects?-d2 However, suocerting these 
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specifications with experimental facts to show how performance varies as a function of optical qual- 
ity is very difficult. It appears that the specifications have been set up in order io obtain the best 
possible Instruments in all respects. For military purposes this may net always be necessary. For 
instance, if the main use of binoculars is for identification and the instrument can be |>ositioneci prop- 
erly, the resolution might be degraded considerably near the edge of the field with no adverse effect 
The same rationale can be applied to other specifications for binocular elements. Unfortunately, 
some of the basic data dealing with detection and recognition thresholds are not yet available, although 
work is progressing «u these areas.9-39 It Is the feeling of some that until this sort of information is 
available, specifications for quality In binoculars r annot be based on the needs that they arc Intended 
to satisfy. 

Aircraft using reciprocating engines have a certain amount of vibration imparted to the air 
frame by the engines. This vibration will have in adverse effect in using binoculars. For instance, 
consider an oU»erver using binoculars for aert .1 reconnaissance. If he steadies his arms by resting 
them on any part of the aircraft, some of the v oration of the frame is transmitted to the binoculars. 

If the air frame is not touched, the problem is tot so great, since the user’s body absorbs some of the 
vibration. However, hand tremor will increase after a short period, since there la no way to steady 
the arms. Thus the effect slowly returns. Thi re are special methods which will reduce the vibration 
problem for practical purposes. The use of st bilized optical elements in hand-held binoculars has 
already been discussed. Helmet-mounted bino< ulars take advantage of the natural absorption of vibra- 
tion by the body and are not subject to the hand remor of conventional models. Thus, in the helmet- 
mounted binoculars, vibration is reduced to an i nimportant amount. 

The angular field size of binoculars useful .1 military aviation can be determined in large part 
by the purpose for which the binoculars are to be u^-xi. In the past9-31,9-33, P-57 there has been no 
rationale in determining field size except "the larger t is, the better." Actually, for identification 
purposes, a small angular field will be just as useful as a larger field if the problem of finding a pre- 
viously Sighted object in the binoculars can be resolved. In search, a larger field would be necessary. 

Finding objects previously sighted with the niked eye in the binoculars' field has proved a vex- 
ing problem. No solution is seen to this problem w-th hand-held binocub rs. In helmet-mounted 
binoculars, the problem is taken care of easily if an angulatcd sight line < s used. In binoculars of this 
type, as soon as an object of interest is sighted, a qilck glance up into the field of the binoculars will 
show a pointer directed at the object of interest E the pointer is not desired in the field, the object 
can still be located with a minimum of effort, although It will not be exactly pinpointed. Li monocular 
hand-held instruments, a nr.<T sight is sometimes attached where the other half of a binocular would 
be. An object placed within the ring as seen with the unaided eye can be seen magnified by observing 
the magnified image of the other eye. 

Most persons using binoculars hare duties to perform other than observation through the binocu- 
lars. There is no easy way to change fixation back and forth from conventional binoculars to flight 
duties and back to binoculars without losing orientation. Hand-held binoculars must be taken away 
from the eyes to perform other duties. The head must be removed from plane-mounted binoculars 
in order to perform other duties. The two-position helmet-mounted binoculars must be rotated up- 
ward. However, the angulated sight -line helmet-mounted binoculars can remain in place. A simple 
downward shift of the eyes allows other duties to be performed. Shifting the eyes upward puts them 
back in the field of view of the binoculars. This is a very rapid change, dependent only on the time 
necessary to move the eyes, to converge or diverge. and to accommodate. When using the other two 
types, the change is slower and It takes some time to get reoriented when using the binoculars again. 

The bulk and weight tolerable in binoculars depend upon the way they are to be used. The weight 
and bulk of a plane-mounted binocular can be fairly large and cause no particular difficulties9-31, 

9-33, 9-57 The bulk of hand-held binoculars is *ot a very important consideration. However, helmet- 
mounted binoculars must ce as compact as possible else It is very difficult to look over the side of the 
aircraft. To be useful to i pilot, the binoculars should not restrict normal head movements. The bulk 
of helmet-mounted binoculars, thereto: has to be restricted In order to avoid strlkln? the canopy. 

This can be improved by placing the ot octives close together; this permits a wider range of movecjent 
with unobstructed vision between opaque canopy structures, and thus is a logical choice in design. The 
loan of stereopsis by moving the objectives closer together Is not important at the distances binoculars 
arc used. 
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Hand-held binoculars should probably weigh no more than two pounds, since they* must be held 
up with the unsupported arm. This light weight will be less fatiguing and hence will cause less hand 
tremor. The weight of helmet-mounted binoculars is an important consideration since any weight 
added to the helmet is undesirable. Weight added to the front of the helmet is particularly undesirable 
since it tends to unbalance the helmet and increase the likelihood of downward rotation in the event of 
a large g-force. Errry effort must be made in the design of helmet-mounted binoculars to keep weight 
to an absolute minimum. Plastic optical clcuicuta which weigh less than glasB parts can be employed 
to good advantage in reducing the weight of the binoculars. At the present time, however, the plastic 
is not sufficiently abrasion resistant to be used for outside optical elementsS-33 

Monocular vs. Binocular Instruments 

Available experimental evidence indicates that observation through binoculars is superior to 
observation through monoculars for picking up targets under adverse conditions? -55 There is, how- 
ever, no general agreement on the extent of this superiority; values ranging from 10 to 50 percent 
have been reported in various investigations. Nor is there any common agreement for superiority of 
binocular viewing. Subjectively everyone prefers binocular vision. This problem cannot be said to be 
solved since information cr. studies of this sort is incomplete. 

METEOROLOGICAL CONDITIONS AND TIME OF DAY 

The light from an object on the ground or another aircraft passes through a great deal of at- 
mosphere before it reaches the pilot’s or observer's eye. Except for close object's or where the 
Intervening atmosphere is very thin, as in air-to-air visibility at high altitude, the effect of atmos- 
phere on transmitted light must be considered when direct vision from aircraft is being evaluated. 

Fortunately, research in recent years has provided us with tools and concepts to assess the opti- 
cal effects t,i the atmosphere. The parameters of an optical signal arriving at the observer's eye can 
be defined, provided only the quantity and direction of illumination, the transmitting or reflecting 
properties the object, and certain optical constants of the atmosphere are known. In this discussion, 
we wi\ toviifly describe the major effects of the atmosphere on vision in flight. The best sources of 
detailed information are contained in recent papers of one investigator® -63,0-64,9-65,9-66 and in an 
excellent volume®-?* from which this dit*cussion has in large part been drawn. 

The atmosphere works in two ways to change the appearance of objects seen through One is 
atmospheric attenuation. The other is the addition of light from the atmosphere, so that distant ob- 
jects seem lighter. Atmospheric attenuation is the loss of light by abecrpticr. ar«cl b Catering, so that 
it does not reach the observeFs eye”-- or at least does not reach the correct spot on his retina to 
form a coherent image. A simple example is the loss and scattering of light from a beacon at night, 
that a distance the light source appears dim, and its exact shape cannot be discerned. Addition 
of light from the atmosphere most commonly changes the appearance of objects during the day, and it 
is most important for objects that reflect light rather than transmit it. It comes about when light from 
another source than the viewed object, such as the sun, is reflected or refracted by the atmosphere so 
that it follows the same path to the eye as light from the object. Since light from the object is being 
lost at the same time through atmospheric attenuation, the net result is that a dark object both aD- 
pears lighter and stands out less dearly from surrounding objc rt 3 . This effect is most commonly 
seen in the appearance of distant mountain ranges, whose dark forests appear progressively lighter 
with increasing distance. The effect is due to the illumination of the air path; its magnitude, as will 
be seen, depends upon such factors as the strength of this illumination Che constitution ul trie atmos- 
phere, the length of the path of sight, and the geometry of the paths of light and line of sight. The 
consequences of attenuation and addition of light will be described in some detail later in this section 
First, however, we w ill describe briefly the properties of the atmosphere that are responsible for 
these effects. We will also describe how quantitative data may be obtained, so that the effects can be 
evaluated. 

Optical Composition of the Atmosphere 

It is convenient to think of the atmosphere as a colloidal sysiem in which the gases that make up 
pure dry air support a mixture of particles and water vapor. This colloidal system varies widely at 
different rimes', places, and attitudes. It may be shown that pure, c!ry air is an almost perfect me- 
rle, m. for >!•. ■ transmission of optical images in the visible spectrum; the visibility range in such an 
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Ideal, nonexistent atmosphere would bo more than 200 mif.cs. It is therefore obvious that nearly all 
of the limitations to opt ,| 'M transmission imposed by the atmosphere are d ie to particles of matter 
in the air. 

These particles are of nearly infinite variety. However, the most important ones seem to be 
water in its various forms, dusts, sea-salt nuclei, and industrial pollutants. For our pur- 

poses, most of the important optical properties of the air are due to spherical liquid droplets of 
various siseaP-ff Such droplets are most numerous in fog, ha**, clouds, and rain, but they arc 
present in appreciable quantities throi^hout the troposphere.* Thw» the lower atmosphere may be 
regarded as a turbid medium; by applying the optics of turbid media, one can find the magnitude of 
the changes that take place when an image is transmitted through the air. 

Optical Structure of the Atmosphere 

Hie density of the permanent gases of the atmosphere decreases approximately as an exp. 
nential function of altitude. While the suspended particles follow the same over-all pattern, there are 
many local variations; typically, these particles Concentrate in patches and layers. Where they are 
densely concentrated, haze, clouds, and fog appear. 

Since the concentration and nature of particles vary both vertically and horizontally over short 
distances, tracing light through the atmosphere css be a coirplicatsd process. Detailed meteoiuiog- 
ical uiewuraneiM are required at many or all points along the path of light. Such measurements 
were recently made by a specially instrumented B-29 aircraft operated by the Visibility Laboratory 
of the Scripps Institution of Oceanography. They reveal that even portions of the atmosphere that ap- 
pear clear and homogeneous may have a very complex structure indeed. Further techniques are oe- 
ing sought for studying light transmission through atmospheres of varying optical properties. 

Image Degradation by the Atmosphere 

Since the atmosphere is not a perfect transmission medium, signals arriving at the eye fro~) a 
distant stimulus are some degraded function of the inherent properties of the stimulus.** The im- 
portant properties of the stimulus are its brightness, contrast, and color. The apparent brightness of 
an object seen at any distance is a function of its inherent luminance, the properties of the transmit- 
ting medium (absorption and scattering), and the geometry of the path of light. The apparent contrast 
between objects, or between an object and its background, is related in the same way to the inherent 
brightness of the objects or the object and Its background. (However, we shall see that the sky back- 
ground is a somewhat special case.) The relation of apparent color to inherent color*** is more 
complicated and less well understood. One worker&-74 has made an admirable analysis of color 
changes from both the physical and psychophysical points rf. ~*ew, the psychophysical part being based 
upon the work of anothei _ .amarcher®-73 However, the principles he worked out are not always ersy 
to apply, because the perception and discrimination of color are complicated by many psychologic; 1 
variables. (Color specification is explained in Chapter 2 and color discrimination in Chapter 8.) For 
example, to predict the apparent color of self-luminous signals at low ambient iUuminaiior., it is not 
enough to know what portions of the spectrum die atmosphere will transmit. In this case, a more im - 
portant factor is the peculiar performance of the eye when observing colored signals that subtend a 
small visual angleV’-o9 


* The troposphere is the portion of the atmosphere nearest the earth, below the stratosphere. Its 
upper limits vary with time and place from about 2C,000 feet to 50,000. 

** The inherent pro^-mea are those that are due to the nature of the stimulus itself rather than the 
transmitting medium. They can best be defined as the properties that would arouse a given response 
if the stimulus were observed through a perfect transmitting medium. 

Brightness, of course, is usually considered one attribute of color (see Chapter 2). When we 
speak cf color here aa a property distinct from brightness, we mean the attributes of color generally 
defined as nue and saturation. 
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Fortunately, brightness contrasts are both easier to analyse and far more important than color 
in detecting and identifying distant objects. Objects can be discriminated by their brightness con- 
trasts at greater range than they can be discriminated by their color. A moment’s thought will show 
how important brightness contrast is. Suppose, for example, that a pilot is searching for enemy air- 
craft He will not detect another aircraft unless it contrasts sufficiently with the sky or land it is 
seen against. He will not identify the aircraft unless it const rasta sufficiently with its background and 
unless its components contrast sufficiently with each other so that he make out its shape and mark- 
ings. He will not be able to judge its speed and course unless the contrast is sufficient so that he can 
continually see tfca aircraft as it change* position relative to its background. (In this case, a change in 
background brightness as the aircraft passes in front of clouds or over n mottled landscape may be 
Important) The pilot’s ability to do these things depends of cource cm his visual acuity, motion per- 
ception, etc., but in this case visual acuity and motion perception depend in turn on the brightness dif- 
ferences of images falling on adjacent receptors in his retina. 

In the following paragraphs, we will explain how contrast is reduced as light passes through the 
atmosphere, and the consequence of this reduction. The treatment is that suggested in a study con- 
ducted in 1948?- 63 

Contrast Reduction by the Atmosphere 

The value cf apparent contrast (the contrast as seen at a distance) may be determined from (1) 
the value of the inherent contrast (the contrast at the stimulus} and (2) values of the transmission and 
scattering functions of the atmosphere. Now, brightness is reduced exponentially as light passes 
through the atmosphere (see equations 10 and 11 in 1948 study). As would be expected, contrast fol- 
lows similar exponential laws, since it is a function of brightness. The attenuation cf brightness 
differences is: 

Br - Br - (Bo - Bo) e~^° R (1) 


where; 

BRand Br are the apparent brightnesses of the object and background, respectively, at range R, 
So and Bo are the inhere nt brightnesses of the object and background, 0 O is the atmospheric at- 
tenuation coefficient (consisting of factors for absorption and scattering), and 


R is the "optical slant range".* 

Since contrast is defined in terms of brightness differences, it may be seen that: 


inherent contrast = C Q = 


apparent contrast = Cr = 
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We may now write the original equation in terms of contrast, as follows: 


c k .5» c„ e ' e ° R 
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which is the general law of contrast reduction by the atmosphere. 

The liivestigator9~83 in this study has derived equations for an observer looking upward and 
downward, and for horizontal paths of sight. In the lac.t case, the equation reduces to: 



provided that the horizon sky is the background against which the object is viewed. 
*Tb.> equivalent horizontal path through a homogeneous atmosphere. 
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Ill any practical application of equation. (1) through (5), oi course tne optica- 
air ^Zwnmk rt^MMmeeds. OStortotiy, >*»■ f 1 

araiUbic to the pilot, bacauae meteorologists toll to provide it in their so-called ate _ 

matM Where the measurements are made, however, and viewing conditions atepreai 
lv enaueh. the foregoing formulas can be used to develop nomographs, so that sighting rang 
£<S^S?uJ ^SS^aSfSSnces can be predicted quickly by pilot or crew The . 
method has scriomTlImitatioi* at present, because the values for inherent f ° ttern 

cannot be determined when the target is moving or has a complex shape or eternal contrast pattern. 
Ttadte, In these cases, there are multiple contrasts, and not enough is known about how the 
eratesto evaluate them. Note that these limitations are not due to lack of knowledge of itmoepheric 
Sics but rather to the lack of knowledge about the operating characteristics of the humw | 
complex visual situations. At this writing, however, several active research groups are vigorous^ 
these visual problems, and predicting visibility is becoming increasingly accurate in com- 
plex situations. 

Problems of Visibility During Flight 

No matter how good the techniques for calculating visibility become, they will be of little prac- 
Umd »e Urn charactdrlptid. of the ,tmo«d«r. tttf *•<* ^ «ics < >f 

the light passing through them. While means of measuring them are .airly well ~.«wn, sujt “ eteor 
olarists are unaware of the need for such measurements and lack the proper instruments to i dj e 
th^ Therefore, nearly all estimates of visibility for airmen are crude guesses usuaUj ’*»** 
the appearance from the ground of objects that Just happen to be at convenient distances from the 
meteSol^station. It taofcouwe true that visibility changes minute by minute and mile by mile in 
flight, but, the practical shortcomings of such crude estimates are covered in some detail by one le- 

aesrcher.fi- 74 

However, scattered studies of atmospheric variables, some oi them field tests, have been made 
that do have some bearing on visibility during flight. The more important conclusions irom these are 
described in the next paragraphs. 

The range at which a given target can be seen in daylight is largely determined by its apparent 
area and contrast? -71 Furthermore, the contrast of a given target depends on the altitude and rela- 
tive bearing of the sun as weU as upon the amount of atmospheric haze. For these r€ f*^ 0 d ® te ^|^. 
Is most effectively carried out between midmorning and midafternoon. One mvestigatorfi 30 developed 
a set of charts from which the natural illumination can be computed at any time of any clear day or 
night in the year at anv point on the earth. As one would expect, the values vary considerably with 
season and latitude, and factors like haze and clouds have a great effect. The horizontal attenuation 
of ultraviolet and visible light by the atmosphere has been measured9-62 at night over cities, deserts, 
and the sea under conditions ranging from fog to exceptionally clear air. From these measurements, 
attenuation coefficients were derived for light of various wave lengths for some of the locations. The 
tables are for those who require a survey of typical spectral attenuation characteristics of the lower 
atmosphere. For those requiring accurate coefficients for a given time and place, this study»-^ de- 
scribes methods for mak in g the required measurements. The data collected so far show tha. attenua- 
ti-r the atmosphere over a city follows a. less regular and more complicated pattern than over a 
desert or sea station. The composition of smogs is difficult to analyze. 

The brightness and polarization of the daylight sky at altihides 

above sea level have been measured by one team of researchers?' 75 The * r r® 81 * 11 ® 3<r ; r ' , . ” 

we.l with another team' s9 -10 theory of sky brightness for all altitudes of observation, for all points 

in tne sky more than 30 degrees from the horizon, and for scattering angles greater than about 40 de- 
cree* from the sun when an atmospheric attenuation coefficient of 0.017 km was assumed. The values 
of «kv brightness observed at scattering angles within 30 degrees of the sun indicated that large scat- 
tering particles were present in the atmosphere overhead at all altitudes of observation. The meas- 
ured values of sky brightness and polarization are presented graphically, plotted as functions of the 
angle between the sun and the observed point in the sky?* 75 

One study 9- * 7 estimates visibility from high-speed, high-altitude aircraft. At 600 knots, an 
air-reft travels 10 miles in one minute, and at 1200 knots, it. travels 10 miles in half a minute. Ob- 
j 5, -nay therefore appear and disappear from view in sudden fashion. A pilot must therefore be 
a !>!• to respond to slight visual cues before It becomes clear that they arc actual targets. Having 
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^ the problems, ihe author of the study computes visibility based on visual acuity data cor- 
rected for the effect of atmospheric attenuation at various altitudes. Visibility above 50,000 feet is 
approximately the same as at 50,000 feet, because the effect of atmospheric attenuation is negligible 
above this altitude. In ihe text of the study 9 -®? graphs are presented to show threshold visibility m 
all direc tions at altitudes up to 200,000 feet. Otter sources of information are available? -WJ.s-oi, 
»-M,»-7Q,ft-72 or. the matter of field chedoHflh laboratory predictions cf threshold intensities 
of long-range targets, see Report on the Roscommon Visibility Tests? -59 

The concept of meteorological range 9 -63 & being accepted as a precise designation of atmos- 
pheric clarity in terms of distance. Meteorological range is the distance for which the contrast 
transmission of the air is two percent It is an inverse function of 0, the attenuation coefficient. The 
acceptance of this concept may lead to more useful systems for collecting data at the individual me- 
teorological station.* Knowing meteorological range, a pilot can use the nomographs previously 
m entione d to predict the visibility of objects seen against the sky. However, additional problems come 
up in predicting the visibility of objects seen against the earth along horizontal or downward paths of 
sight; the worst problem is that the atmosphere is not uniform optically along such paths- An exten- 
sive program is now underway to increase our knowledge of the optical structure of various portions 
of the atmosphere, so that the known principles of atmospheric optics can be applied to any problem. 

Conclusion 

The foregoing is a summary of the current status of knowledge about how the atmosphere af- 
fects visibility; specific problems likely to be encountered in flight will be discussed in later chapters. 
In Chapter 10, on air-to-air visibility, specific instances are given of the influence of atmosphere on 
visibility. 

VISUAL ILLUSIONS 

Visuil illusions leading tc false aircraft attitude orientation are of four different types: 

(1) False Reference 

(2) Autoklnetlc 

(3) Oculogyral 

(4) Oculogravlc 

The false reference type of illusion may be present in day or night flying. In the daytime the 
raost frequent source of false reference is cloud formations that have slanting lines that are mistaken 
for horizontal. Another false reference illusion occurs in formation flying when another aircraft in a 
bank, a climb or a descent is thought to be level. 

False reference divisions occur at night when the stars near the horizon are mistaken for lights 
or vice versa, creating a false horizon. This is especially likely to occur if there is no haze to mark 
the horizon, which condition often occurs after a rain. The likelihood of this illusion is also increased 
if there are clouds that are seen entirely below or entirely above the true horizon. 

The nUtckisct ic illusion occurs at night. The illusion is that a single stationary light appears to 
be moving when the observer stares at it. 

If, instead of a single light, there are several lights or some kind of figure, there does not ap- 
pear to be movement; the eye, in changing fixation from one light to another, or from one part of the 
figure to another, has the first one or part to use as a reference. 

The autokinetic illusion is most apt t" occur in night formation flying when only one wing-tip 
light is seen. One remedy would be to install several lights or a lighted line on the wingtips. Suffi- 
cient acquaintance of pilots with this phenomenon may be- more practical and satisfactory than further 
complicating aircraft equipment. 

•*. =1:1! mere satisfactory quantity, the atten uat ion length , has been recently proposed. It is the dis- 
tance over which cr-ntraet is reduced to e oFIis inheren* value. 
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Too oculn yy rml illusion constic? o t an illusory movement end displacement of objects subsequent 
to rotation of the head ft is due to stimulation of the vestibular apparatus, the semi-circular canals. 
Following rapid, prolonged rotation in one direction, objects appear to be both moving and displaced in 
the opposite direction. Following this there is an apparent movement of objects and displacement in 
the direction of the head movement. The apparent spvement and displacement is due to a nystagmus 
induced by the rotation. In daylight, relatively fast acceleration of rotation ia required before illusory 
effects are induced. However, in the dark, the threshold for apparent motion follows as little as 0.2 to 
0.3 deg r ee (cne study recorded 0.12 degree) of rotary acceleration per second per second. In flying at 
night the effects may be induced by tight turns, particularly when the burns are rapid and are prolonged. 
Spins may Induce the effect at night, or in the day when the spins are rapid and prolonged. 

The series of apparent reversing rotation and displacements is not attained unless there are 
about 20 rotations at 25 rpm. However, illusions of rotation and displacement do occur with much less 
stimulation. Studies have shown that there is no habituation to the oculogyral illusion. 

The coriolis acceleration occurs in an oculogyral illusion that has the complicating factor that the 
position of the head is changed between the stimulus rotation and the illusory response. It is particu- 
larly dangerous because it is so confusing to the pilot. It has apparently been the cause of a certain 
number of unexplained aircraft accidents, particularly in jet fighters. 

An example of the production of this illusion is as follows: After take-off, a jet fighter pilot 
started a steep bank to the left. At the time he started into the bank be also turned his head downward to 
the left to operate a console control. H he had not moved his head after the bank was made, vestibular 
stimulation would have told him that he was coming out of the bank. His visual reference would have 
overridden this stimulation to a certain extent. However, when he turned his head down to the left, he 
lost outside visual reference, and the stimulation of the bank was as if be were going over on his face, so 
when he turned his head back to the forward position, the aircraft appeared to be climbing into a loop. 

The oculogravlc illusion occurs following moderately high acceleration. It is an illusory effect 
of viewed objects rising when the individual is undergoing acceleration. Since he has to harmonize 
his position with viewed objects, he feels that he is lying on his back. This illusion is considered to 
be caused by st im u l a t ion of the otolith. This illusion is less dangerous than the oculogyral because 
high accelerative stimulation is necessary to induce it, and the inducing maneuver and the type of dis- 
orientation are less likely to result in loss of control of the aircraft. 

The remedy for these illusions is to refer almost continuously to attitude instruments and to 
rely on them when flying jet fighters. It is difficult to refer to attitude instruments continuously dur- 
ing formation flight A certain number of severe aircraft accidents have evidently resulted from this 
difficulty. The solution appears to be the development of an attitude indicator to be projected on the 
side panels or made otherwise observable while watching the lead ship in a formation. 

Whiteout 

As more and more lanes and airbases axe developed along graat circle routes a special prob- 
lem arises for the pilots who must fly over barren, snow-covered areas, as in the Arctic and especi- 
ally the Antarctic. The problem was recognized as serious some time ago by Army personnel. It is 
produced by the fact that under certain atmospheric and illumination conditions no contrast is provided 
in the environment, so that all objects, as well as the horizon, are lost in an apparently homogeneous 
field. With the horizon gone and no shadows or brightness differences produced by variations in ter- 
rain, Army personnel fou.*>d themselves driving vehicles over the edges of crevices OS into great banks 
of snow. 

The problems that whiteout produces In flight operations are clearly most serious in take-off 
and landing, especially under emergency conditions when no artificial aids are available, and in any 
attempt to fly tty VFR. 

Although whiteout is extremely hazardous, no satisfactory means of beating the problem has 
been worked out. The hazard might be somewhat reduced by pre lecting a grid on « light beam from 
vehicles or aircraft, so that changes in terrain upon which the grid was projected would produce dis- 
tortions in the grid. However, the power requirements of the system might limit Its usefulness. 
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CHAPTER JO 


AIR-TO-AIR VISIBILITY 


Air-to-air visibility means the visibility of one aircraft from another, or of any objects in the 
say fr om an aircraft. The term covers both detection and identification. Problems of air-to-air 
visibility tend to be the same for all types of mission, and somewhat different Ixoxn jJEoblems of 
air- to-ground visibility for all types of mission. For example, the visual functions, Lie effects of 
atmosphere, and the effectiveness of visual aids are about the same for an airways pilot seeking to 
avoid col lision as for; a combat pilot seeking out enemy airrraft except for differences in range and 
visual field requirements. On the other- hand, the problems of air-to-ground vision tend to be similar , 
whether the pilot is for enemy installations in a bombing or reconnaissance mission or seek- 
ing to identify objects far Bivuriticnaj puro'V’e*. The* is "by ~~ t.*-.-;. ?i?-to-slr prooiems 

in this chapter, and air-to-ground problems in another chapter. Some of the air-to-air problems 
covered in this chapter are as follows: Visibility and the avoidance of collision, visibility in inter- 
ception,and formation flying. In addition, such matters as scan patterns, prediction of target visi- 
bility, and ways of making aircraft easier to detect are discussed. 
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Figure 10.1 Minimum Distances Traveled From instant Object Co— cs !»»o Field of 
Vision Until Pilot CanChrjnge Flight Path 
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VISUAL PROBLEMS DUE TO SPEED 

High speeds, altitude*, and accelerations, work load, airport density, complicated instrument 
•Mmels, and the structure of the aircraft itself all create serious visual problems for the pilot and 
crew of high-performance aircraft. The most critical of these 's high speed. At the speeds flown 
by today's Jet aircraft, a perfectly ordinary situation, such as sighting an object a mile away, can 
turn Into a' calamity before the pilot can do anything about it. As speeds get higher, the problem will 
become worse In proportion. The trouble is simply that a man cannot see, identify, or act on an ob- 
ject the instant ft comes into his field of view. Each of these things takes an interval of time — 
usually an exceedingly short interval, but worth hundreds or thousands of feet in a high-speed air c rat L 

This point is brought out in Table 10.1. Consider a pilot flying at 600 miles an hour, a routine 
speed for Jet aircraft at this writing. Another aircraft coroes into his extra foveal vision — the 
corner of his eye. He travels 88 fcetsbefore he even "aeo-*;’' it -- before the image is transmitted 

Table 10. 1 Time Intervals Required Between First S ight i n g of Cfoject and Changing Flight Path 
to Avoid and Distances Traveled in These Intervals* 



Time, 

In sec 

\ Distance Traveled, In feet 




at 60C 

“P h 


Operation 

For Op- 
eration 

From 1st 
Sighting 

Dui ing 
Operation 

From 1st 
Sighting 

During 

Operation 

r'rom 1st 
Sighting 

Sensation (light travels 
from retina to brain) 

0.10 

0.10 

88 

88 

254 

264 

Focusing with Central 
Vision 



1 




Motor Reaction to 
Prearrange Eye 
Movement 

0.175 

0.275 

154 

242 

462 

726 

Eye Movement 

0.05 

0.325 

44 

286 

132 

858 

Focusing with Fovea 

0.07 

0.395 

62 

348 

185 

1043 

Perception (minimum 
recognition) 

0.65 

1.045 

572 

920 

1718 

2759 

Deciding What to Do 
(estimated min.) 

2.0 

3.045 

i 

1 

1760 

■ 

2680 

5280 

8039 

Operating Controls 

0.40 

3.445 

352 

3032 

1056 

9095 

Aircraft Changes 
Flight Path 

2,0 

5.445 

1760 

4792 

5280 

14,375 


•Derived from Moseley 1 ® -11 and Byrnes 1 ® - ® 


from retina to brain. He travels 920 feet Defore he has "perceived," or recognized it — before he 
has decided, for example, whether it is a cloud or another aircraft. He travels more than half a mile 
before he has decided whether to climb, descend, or bank to right or left. He travels nearly a mile 
before he can actually change his flight path to avoid or attack. At 1800 miles ar. hour, already 
achieved in piloted rocket aircraft, these distances are trebled; the pilot travels a mile and a half 
before he can even decide what to do, and nearly three miles before he alters his flight path. Dis- 
tances for aircraft flying at other speeds may be obtained from Figure 10.1. 

For two aircraft on opposite courses, the distances they travel relative to each other would be 
double those in Table .10.1 and Figure 10.1. Suppose two aircraft came out of the clouds heading for 
each other at 1800 miles an hour. If they emerged 500 feet apart, they would crash before either pilot 


212 








had even seen the other aircraft. If they emerged three miles apart, they would crash before the 
pilots had decided what maneuver to take, and, if they emerged five miles apart, they would still 
toe too dose to change their flight paths. Even at 600 miles an hour, the pilots would have to see 
each other 9SOO feet away, at the very minimum, before they could change their flight paths to 
avoid collision. 

Some of the time intervals in Table 10.1 are not subject to careful measurement, and the 
valses given are estimated. However, if they err, it is probably on the side of being too small. 
Moreover, it has been assumed that conditions are ideal (clear day; alert, experienced pilot; no 
distractions) and that only the simplest kinds of operations are involved. In short, the time inter- 
vals in Table iO.l are probably absolute minima. They cannot be reduced by any amount of mechani- 
cal or electronic ingenuity, because (except for the last item, whlck Involves aircraft response) they 
are due solely to unchanging characteristics of the human eye, mind, and muscle. Likewise, the 
distance traveled in each interval will increase directly and inexorably as speed increases, because 
no human can alter the fact that distance - speed x time . 

The time intervals and distances in Table 10.1 could be extended several seconds and thousands 
of feet by any number of complications that occur in perfectly normal flight. For example, anything 
that interfered with the pilot's vision, whether it were a structural, member of the aircraft, encum- 
brance at flight clothing, haze, or gray-out induced by high acceleration, could greatly stretch the 
time required to perceive and recognize . If the pilot had not only to identify the object as an air- 
craft, but also to deckle whetheritwere an enemy ora friendly plane, the recognition time would probably 



AZIMUTH POSITION a OP SIGHTED SLOWER 
AIRCRAFT IN DEGREES 


ASSUMPTIONS'- 

SIGHTING DISTANCE - 2- 1/2 NAUTICAL MILES 

PILOT'S OECIStON TIME - 2 SEC 

AIRCRAFT REACTION TIME - 8 SEC 

SPEEG OF FASTER AIRCRAFT . 500 KNOTS 

SPEED OF SLOWER AIRCRAFT-. [LABELED ON CURVEl 

PLANES ARE ON A COLLISION COURSE 


Figure 10.2 Maximum Available Scanning Time Under Various Conditions 
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stretch out to at least 1.5 seconds (1320 feet at 600 mph). Decision time is probably four or five 
seconds, rather than the two gives ir the table, for any but the most experienced pilots and the most 
simple decisions . 

Figure 10.2 illustrates tho critically short scanning time available to pilots of high-speed air- 
craft is c olli s i on courses. Koto that there are normally two values of canning time, corresponding 
to the two possible collision courses A and B. Condition A represents the case of two aircraft flying 
convergent courses. Condition B represents the case oi two aircraft approaching from a more or 
less headon aspect . Hie area above the dashed Use appUes to the more favorable ease . For exam- 
ple, if oi is 35* and the alow aircraft Is flying at a speed of 250 knots, the pilot has 13.3 seconds of 
scanning time on Course A or 5.5 seconds on Course B. 

At high speeds, a pilot flies 'blind" for thousands of feet while performing such a simple oper- 
ation as glancing at an instrument Table 10.2 shows that at 600 miles an hour, his vision outside 
the aircraft is interrupted over nearly half a mile. At 1800 miles an hour, it is interrupted over 
more than a mile. Again, if two approaching aircraft were Involved, distances would be doubled. If 
a pilot flying at 600 miles an hour glanced at his altimeter, an enemy aircraft coming out of the 
clouds a mile away could be on him before he knew the enemy was tucFr* The panic typ£ OiT 
formation for aircraft at other Tweeds can be obtained frrm Figure 10.3. 


Table 10.2 Time Intervals Required to Shift Sight From Outside Aircraft to Instrument Fane land 

Back, and Distances Traveled in These Intervals 



Time, in sec. 

Distance Traveled, in feet 


For Oper- 
ation 

From Be- 
ginning 

itSB 

mph 

1 

Operation 

For Oper- 
ation 

From Be- 
ginning 

For Oper- 
ation 

From Be- 
ginning 

To Panel 







Muscle Movcwcut 

0.175 

0.175 

154 

154 

462 

462 

Eye Movement. 

0.05 

0.225 

44 

198 

132 

594 

Fovea! Perception 

0.07 

0.295 

62 

260 

185 

779 

Accommodation 

0.50 

0.795 

440 

700 

1320 

2099 

Recognition of 
Instrument Reading 

0.80 

1.595 

1 

704 

1404 

2112 

4211 

Back to Distance 







Reaction Tims 

0.175 

1.770 

154 

1558 

462 

4873 

Eye Movement 

0.05 

1.820 

44 

1602 

132 

4805 

Relaxation oi 
Accommodation 

0.50 

2.320 

440 

2042 

1320 

6125 

Foveal Perception 

0.07 

2.39 

62 

2104 

185 

6310 


In shifting sight from outside the aircraft to the instrument panel and back, the accommodation 
time -- the time to adjust the eyes to focus mi the instrument — becomes important. Table 10.2 
shows that accommodation and relaxation of accommodation takes up a total of a second, or half a 
mile at 1800 miles an hour. Recognition — ascertaining what the instrument reads --’will consume 
a great deal more time than 0.80 seconds if the Instrument is poorly lighted or designed. Likewise 
if the sky w ere bright and the panel were dimly lighted, die pilot would nrsi have to adapt his eyes ’ 
to the dim light within and then readapt, to the brightness outside. A dangerously long time interval 
wf » !W ,T P- W Is not surprising, therefore, that good cockpit lighting and well-designed and 

n':inri;i.rdly located instruments are of concern to all who fly highspeed aircraft. It is also obvious 
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that the day is rapidly appro* ching when a pilot will no longer have time to make navigational calcu- 
lation* on his tawte pad. An i vrtnuaent • bowing aircraft position at a glance will be as necessary as 
a compass is now. 

The forego! discussion applies both to the problems of avoiding collision and intercepting 
or avoiding enemy aircraft. L»it us pursue these matters further. 

o 

Ui 

m 



Figure 10.3 Minimum Distance Traveled While Pilot Shifts Sight to Instrument 2 nd Back 


AVOIDING COLLISION 

Because the problem of mid-air collisions had become so critical, the CAA sponsored a mid- 
air collision symposium In lata 1955^0* 1 There were many speakers representing all phases of 
the aviation industry.- They brought out the following points: 

The Air Force, over one 2- 1/2- year period, had about 150 mid-air collisions. Of these, 
about &2 per cent could be attributed to failure of the pilot to see the other aircraft in time to avoid 
collision. In some cases, the pilot never saw the other aircraft at all When the other aircraft 
could be seen, contributing factors were misjudgment of distance and rate of closure and the pos- 
sibility that both pilots, in attempting to turn of i, turned into each other. Also interesting was the 
fact that 70 percent of these collisions occurred while the aircraft -were in straight and level flight. 
The Navy, too. presented data from 23 mid-air collisions occurring over a two-year period. The 
majority of these accidental took place during daylight hours and occurred in flight rather than 
during take-off or landing. CAA datal0-2 f 0 r civilian flying, covering the years 1953 and 1954, 
show two mid- -Hr collisions for the scheduled airlines and 25 for nonschcduled carriers. 


In addition to at oal mid-air collisions, many near misses are reported. The near misses 
of today could easily be collisions in the future, when there are more aircraft and all ar« traveling 
faster The Air Transport Association of America sent a questionnaire to airline pilots to find out 
how and where their near misses occurred. As with the Air Force collisions, the majority of near 
mlsse* occurred en route, and most occurred 'hiring full daylight when visibility was reported to 
be 15 miles or more. A dangerous condition exists when one aircraft is flying 1FR (instrument 
ni ght rules, with ground control centers maintaining separation between aircraft) and the other is 
flying VFR (visual flight rules, with the pilot mainly responsible for avoiding collision). 

Two general conclusions can be drawn from the mid-air collision symposium. First, there 
is a pressing need to learn more about the limits of visual detection and the reasons these limits 
exist, so that demands will not be placed on pilot and crew that exceed their visual capacities. 

Second, improved ground- control techniques and airborne detection equipment should be developed 
tc relieve the pilot of some of the burden of continuous vigilance for other aircraft. 

INTERCEPTION 

In interception with fixed gunnery, a pilot actually tries to get on something approaching a 
collision course with another aircraft. If efficient flexible gunnery or homing missiles are de- 
veloped, a collision course will not be necessary. Interception includes identifying uoreported air- 
craft, attacking enemy aircraft, and rendezvousing with friendly aircraft for refueling or forma- 
tion flight. Usually electronic equipment, either on the ground or airborne c r both, helps the pilot 
perform his interception proHem. Nevertheless It is usually desirable and often necessary that a 
pilot see the aircraft he is intercepting as early as possible. It can be seen that the problems of 
interception are much like those of avoiding collision, but there are some differences. The most 
important are: (1) In interception, it is often important to see another aircraft at a great distance, 
so tint the intercepting aircraft can maneuver 1 into an attacking position. In avoiding collision, 
it is important only that the other aircraft be seen in time to avoid collision. (2) In interception, 
it is often necessary to identify another aircraft positively.’ In avoiding collision, identification is 
not important, though the other 1 aircraft must be seen well enough so that its course can be esti- 
mated. (3) In combat interception, the problem is often to detect and identify an ai: craft that is 
painted w io be as inconspicuous as possible, or that is blacked out at night. Where the central 
problem is preventing collisions, paints, markings, and lights can be designed to make all aircraft 
as conspicuous as possible. (However, when combat aircraft are painted and lighted for maximum 
concealment from the enemy, they have an added problem of avoiding collision, with each other.) 

FORMATION FLYING 

Good air-to-air visibility is also required in formation flying. During daylight, other aircraft 
can usually be seen well enough to fly formation; the chief problem is to station each aircraft so 
that it does not obstruct too much of the fields of view of the other pilots. For example, if a tight 
formation is flown, it is difficult to cover each ether for the position of the sun. At night, however, 
light must be provided (except in combat) so that the wing man can match the attitude of ids aircraft 
to that of the lead aircraft. A& we shall see later in this section, standard navigation lights have been 
found to be unsatisfactory for formation flights. 

One studylO-7 has indicated that, in general, detection is most difficult against a terrain back- 
ground, easiest against an undercast, and medium difficult against a sky background. These differ- 
ences are due to the characteristics of the observer as weii as the physical situation. 

In the remainder cf this section, we will take up separately the characteristics of the observer 
and the physical factors that affect air-to-air visibility, methods of predicting visibility, and methods 
of avoiding detection. 

CONTRAST DISCRIMINATION 

Detecting aircraft against various backgrounds Is much !ihc taking a laboratory test to meas- 
ure minimum perceptible acuity (see Chapter 8). This type of visual performance w** 'rmd to depend 
on (1) the over-all level of illumination, (2) how well the observer is adapted to the over-ail Illumi- 
nation, (3) the contrast between the target and the background, (4) the apparent size .l~ Ike target — 
that is, the visual angle subtended by the target, and (5) movement in relation to the background. 
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The relationship between these variables is 
shown in the contrast discrimination curves, 
Figures 8.12 and 10.4. These curves show that 
the ability to detect differences in the brightness 
of objects increases as illumination increases. 
In other words, less contrast is required to de- 
tect a target against s fairly bright background, 
such as an undercast, than against a dark back- 
ground, such as the ground. 

The curve in Figure 8.12 (Chapter 8) em- 
phasizes the importance of the target's apparent 
size (l.e., the visual angle subtended) in deter- 
mining whether the target will be seen. This 
curve shows that if the brightness of the sky or 
other background and the inherent contrast be- 
tween aircraft and background remain constant, 
there will be a threshold size below which the 
aircraft cannot be seen. As an aircraft ap- 
proaches an observer, the visual angle which it 
subtends increases; when its apparent size 
equals the threshold size, it can be seen. 

Note that contrast discrimination and vis- 
ual acuity depend not only on the physical char- 
acteristics of the target but also differ with 
different individuals and for one individual at 
different times. 

Contrast discrimination and minimum 
perceptible acuity are at chief importance when 
one is estimating the range at which an aircraft 
can be detected. 

SIZE OF THE USEFUL. VISUAL FIELD 



Figure 10.4 Contrast Discrimination in the 
Human Eye as Influenced by Retinal 
Illumination and Size of Test Field 
(from SteinhardtlO-14) 


Another characteristic related to detection is the size of the visual field in which the target 
must fall in order to be detected. Where the problem here is detecting a small object, such as an air- 
craft, at maximum distance, foveal vision is required. That is, in order to be detected at any distance, 
the target will have to pass through a small cone less than one degree in cross-section, containing 
the pilot's or obeerver's visual axis, and with its apex at his fovea. This can be seen from Figure 
10.5, which shows visual acuity as a function of retinal position. The size threshold increases as the 
target moves away from the fovea. However, if the target is close enough or large enough to subtend 
more than the threshold angle for c ntral vision, it can be detected some distance into the periphery. 
One investigator 1°-® shows that a target twice the threshold size for central vision can be detected 
over 10-degrce cone, while a target four times threshold size can be detected anywhere in a 26- 
dsgr; cone. 


8CANNING PATTERNS 


The size of the cone in which targets ea:: be detected is important because of the expanse of sky 
that must be searched to detect aircraft approaching from any direction. An observer has no accurate, 
subjective means of knowing whether his scanning pattern is fine enough — whether he is covering all 
areas of the sky by the cone within which he can detect the target. To make matters worse, the sky 
is generally empty of visual references that could serve as guides for a systematic scanning pattern. 
Even after a target has been detected, it becomes difficult to locate again if the eyes are shifted from 
It momentarily, because there are no visual references. The boundaries and structure of the wind- 
shield provide a little aid as a visual rcferi nee. 


With the coming of high-performance aircraft, pilots have had difficulty locating each other when 
attempting to rendezvous at prearranged positions at high altitudes. At first it was thought that 
this failure was duo to navigational error at high altitudes. It has become clear, however, that 
there In a more direct and fundamental reason. It has been related that fighters have chased 




enemy aircraft for over 100 milea, knowing from their electronic aids that they were always as close 
as five milea and eometlmefl leas than one mile away h»jt never once sighting them visually. Over 
90 percent of the eighHnge made by fighters above 40,000 feet were by means of glints of light flashing 
from the ai -craft being detected. Such glints occur only when the aircraft maneuvers so that the 
specular inflection from its surfaces happens to be directed toward the observer. In other words, if 
it does not glint, it probably will not be detected. 



NASAL BLINO TEMPORAL 

SPOT 

0EGREES FROM THE FOVEA 


Figure 10.5 Curve of Daylight Visual Acuity for Different Parts of the Eye 

(see Wertheiml0"16) 

One ejqplanatlcn for mch failures to detect at altitude is that the pilot, having nothing to look 
"t, at a cistance, unconsciously keeps his eyes in focus for objects near at hand. Hs is suffering 
from a kind of near-siglitednes3 called empty-field myopia. Ke does net see distinctly small ob- 
jects at a distance. 
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Th* ere seems to ac commodat e to a state between 0.2 and 0.9 diopters when viewing an empty 
atld such as the sky. Convergence is also adjusted for something less than infinity. 


A laboratory experiment 10 - 9 indicated that empty-field myopia may reduce the aircraft detec- 
tion raare to half what it would be If the eye were accommodated for infinity. The experimenter 
nggeats that it would be worthwhile to correct empty-field myopia by the use of negative spectacles. 
He says that for a person with normal vision, such spectacles would raise his accuracy of detection 
to the level of a far-sighted observer. However, it ij probable that the eye would merely accommo- 
date more to offset the effects of the glasses. 


As an alternative, it has been suggested that observers could learn to relax the eyes so as to 
accommodate voluntarily for distance. However, one investigator 10-1" states that involuntary 
acc ommodation for less than infinity cannot be overcome by training. Instead, he favors placing a 
reticle nattern of concentric rii«s at optical infinity — that, is, so that the pilot must focus at infinity 
for the rii^s to form an intelligible image. He found, however, that the visual angle subtended by the 
Hn pr mmt be small to be effective. Furthermore, any reference point more than 5 degrees from the 
line of Bi ght will be ineffective in overcoming empty-field myopia. This means that when scanning 
is required, the reticle would to move with tfee eyes. A device {nr accomplishing this might 
easily turn out to be cumbersome and impractical The role of convergence in space myepia may 
be considerable and seems to merit further' attention and study. 


PROPERTIES OF THE ATMOSPHERE 


lu Chapter 9 we reviewed recent research on the optical effects of meteorological conditions 
and time of day. Here we will consider the practical effects of atmosphere on visibility.** 

At high altitudes, a brilliant sis against a dark sky often interferes with vision. Reflections 
from one's own aircraft and an undercast of clouds make the situation worse. As one ascends, the 
sky becomes darker until at very high altitudes it becomes very dark. This is due to the thinning of 
the atmosphere and the consequent reduction in scatter of light. At the same time the sun becomes 
about 30 percent brighter because there is less atmosphere to filter and absorb its light. The sun 
thus becomes a very bright light in a black sky. The only source of diffuse, extended illumination 
is below rather than above — an effect accentuated by an undercast of clouds. This situation 
presents several difficulties for the pilot who must search for other aircraft. First, the human eye 
cannot comfortably adapt to brightnesses beyond a certain level The bright bun and clouds viewed 
at altitude are certainly approaching this leveL Discomfort is often reported by pilots. One result 
is thqt they spend less time searching the skies for other aircraft than they would ordinarily. 

Second, the high contrast between sun and sky makes objects in the sky still harder to detect. Third, 
glare is caused by reflections from the bright parts of the pilot’s or observer's own aircraft and 
li om clouds below. 


When situations are favorable for glare due to a bright sun or reflections or both, a target 
may be behind a region of bright illumination --a veiling luminance, It is called. The eye roust 
penetrate this luminance to see the target. 

Since the predominant direction of illumination is from below, the cockpit is often very dark 
compared to the bright sky. The pilot must adapt to the low brightness of the cockpit before he can 
read instruments, charts, etc. This situation can be corrected by proper cockpit lighting, as dis- 
cussed in Chapter 13. 

CHARACTERISTICS OF THE TARGET 


The reflectivity*** of an aircraft determines how bright it will appear under a given amount 
of illumination. For aluminum aircraft, reflectivity varies from very low values up to as much 


* It will be remembered from Chapter 4 that when an eye is focused for infinity, it is also focused 
for anything 20 feet or farther away. Wnen the visual axes of the two eyes are parallel — con- 
verging at Infinity - - there is little appreciable double image beyond about 50 feet. 

** Much of the maJter;:.! here and In the discussion of target characteristics immediately following 
has been drawn from a review article. 10-0 

•* * Reflet Hvity is the ratio of light reflected to light falling on a surface. 
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u so percent. Tha contrast with the sky background is often low and variable; it depends on the 
r elati ve positions of the sun, observer, target aircraft, and the location of clouds, etc. During 
varying conditions of flight, the contrast of a particular aircraft may change back and forth between 
low negative and positive contrast values; that is, it may change from slightly less bright to 
slightly brighter than the sky and vice versa. As it passes through zero contrast, the only basis 
for detection would be texture or color except that these are of almost no value at the distances 
involved. However, an aircraft cannot be detected at anywhere near as great a distance on the basis 
of these as on the basis of an adequate brightness contrast. 

Another characteristic of the target thought to influence its detectability is lelative motion. 

It is known that acuity judgments are poorer when a target is moving than when it is stationary.!^* 10 
Various explanations have been offered for this fact. One is that the eye does not track ' moving 
target smoothly. However, the teste of the effect of motion were made for minimum separable 
acuity* rather thar • minimum perceptible acuity; the latter seems to be the type of visualacuity 
that is important in detection. Whether or not the motion itself makes an aircraft less visible, it 
may make it more atteuti enable, except that the higher the speed of the aircraft, the lees time it 
will be within detection range. Thus, when large areas must be scanned, the probability of detection 
will usually be less for high-speed aircraft than for slower ones. 

Ordinarily, detection of a target is probably made easier by its motion across a varied back- 
ground or in respect to stationary objects in back of it. When one is at high altitude, however, the 
background of other aircraft at high altitude is usually an empty and unvarying sky, with no station- 
ary reference objects; motion relative to it is not easily detected. Relative movement is therefore 
not apparent, and this may be another reason why aircraft are more difficult to detect at high alti- 
tudes than at low.10-7 

PREDICTION OF TARGET VISIBILITY 

A method for predicting target visibility under a wide variety of atmospheric and target con- 
ditions would be very useful. As explained in Chapter 9, many workers are trying to discover what 
governs visibility and to collect the data required to establish the constants for atmospheric atten- 
uation equations. The techniques for prediction that have been developed are of uncertain value, for 
few field tests have been made to try them out. However, one study fo- 1 sheds some light on the 
matter. In this study, two groups of airline pilots, flying cross-country, "eported when they first 
detected aircraft approaching on collision courses. One groiq> was deliberately misinformed. It 
was told that the study was concerned with eye movements made with two types of instrument 
displays. However, these pilots were also told that if they should see another aircraft in the 
vicinity they should repOit it to the safety pilot. During their flights, another aircraft was put or. 
one of four different cc Ills ion courses with their aircraft. The second group of pilots, the " informed 
group," was told they were on a collision course with another aircraft, but they were not told from 
what direction it was approaching. An engineer who knew where to look also rrc^-ded where the 
collision rircraft was first detected. The results are shown ir Table 10.3. 

Table 10.3 Distance at Which Aircraft or. Collision Course was Dctc‘v. e ..j 


Relative 
Bearing to 
Collision A/C 

Detection Distance 

Engineer 

Knew Where to Look 

Pilots 

Informed 

Pilots 

Misinformed 

0° (head-on) 

11 miles 

5.00 miles 

3.50 miles 

30“ left 

14 

4.50 

5.00 

60“ left 

12 

4.50 

4.50 

100° k r. 

10-1/2 

4.75 

3.50 


* For the various types of visual acuity, 3ee Chapter 8. 
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Tbe conditioi 3 for these test* wev« not described completely in the report; it was stated simply 
♦hat CAVU weather conditions existed (i.e., ceiling and visibility unlimited). Therefore an exact 
comparison of predicted visibilities cannot be made. However, the range of detection reported by the 
engineer is of the same order of magnitude as would be obtained from appropriate visibility 

nomographs.10- 8 

The most striking point brought out by Table 10.3 is that while the targets could be detected at 
10 to 12 miles, the pilots, both the informed and the misinformed, failed to pick them up until they 
were 3 to 5 miles away — until they were at about ore third the detectable range. This discrepancy 
is probably due to the time required to scan large areas of the sky; the aircraft came in one sector 
while the pilot searched others. Some visibility prediction equations i. ke this factor into account; 
the result is a statement of probability about the range at which an aircraft will be detected. Com- 
putations by one worker 10- ’ are an example of this kind of visibility prediction. He notes that 
high-speed Interceptors can sometimes open fire or bombers before they are detected. He has 
computed the probabilities of a bomber crew's detecting an attacking high-speed interceptor at 
various ranges, assuming certain operating conditions. For example, when the planes are closing 
at a relative speed of 1000 knots, the interceptor will be detected beyond one nautical mile only 64 
percent of the time and before two nautical miles only 26 percent of the time. He concludes that 
visual detection should not be relied upon for the detection of high-performance interceptors. This 
report includes the parameters and mathematical development required fov computing detection 
probabilit. es when scanning with the eyes. Such computations are also useful for determining the 
probability that a fast fighter aircraft will lose visual contact with a bomber while breaking off its 
attack and circling to attack again. 

MAKING AIRCRAFT EASIER TO DETECT 

By Day 

Under some conditions it is desirable to make aircraft as easy to detect as possible. One 
would think that the best way would be to paint the plane so as to increase its contrast with the back- 
ground. However, since the contrast seems to range from low negative values to low positive ones, 
depending on sky brightness, neither making the plane darker nor lighter will help under all condi- 
tions. Two investigators 10-15 experimented with numerous pattern* of paint on model airplanes 
viewed under a wide variety of simulated sky conditions. The pattern that improved visibility most 
was a glossy sea blue paint applied to the trailing halves of the tail and wing surfaces, with the 
leading halves left as bare aluminum; when the sky was bright, the dark, painted areas provided 
good contrast with the sky, and when the sky was dark the aluminum areas provided good contrast. 

The authors feel that the best patterns they studied should be tested on aircraft under actual conditions. 

By Night 

Many pilots find the standard night lighting system on aircraft unsatisfactory for formation 
flights. Under the standard lighting system the attitude of adjacent aircraft must be judged from 
two or three points of light; the silhouette cannot be seen because of the lights. Therefore, many 
pilots prefer to fly formation with the lights of the other aircraft turned off. When this is done, 
they can see a dim silhouette against the night sky that gives them a basis for judgment attitude. One 
worker 10- studied a variety of lighting combinations in actual flight tests. He concluded that sev- 
eral lights should be added. These include (1) section lights on top and bottom of the fuselage just 
behind the cockpit and (2) formation lights consisting of illuminated panels, set in the underside of 
the wing. In general, flashing lights were found useful for rendezvousing but impossible for formation 
flying. It was also recommended that each aircraft be equipped with a three-position switch which 
would adjust the intensity of the lights; an extremely faint positior would be provided for formation 
flight. 


Another lighting system tried was floodlighting the wings and tail surfaces of the lead aircraft. 
While this system provio.’s excellent reference for formation flight, it k' not very practical. However, 
th ■ .rwefttlgator 10- 13 sugg ests that some aircraft might be equipped with floodlights for training in 
formation flying Other lighting systems that might be tried are illuminated lucite caps for the wing 
tips and incite rods to maik the major axes of the lead aircraft.l°-12 


\ 
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Another worker^S-S also recommends that provision be made lor dimming aircraft lights for 
formation flying, llz. has tabulated recommended candle powers for each aircraft light and advises 
whether each light should be on, off, or flashing in cruise, join-up, and formation flight. He further 
recommends a redesigned top light. Research cm night lighting and night formation flight is re- 
vie'/ed in references 10-3 and 10-5. The latter summarizes most of the research conducted by *he 
Navy in this field. 
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CHAPTER li 


AIR-TO-GROIiNn VISIBILITY 


Air-to-ground visibility is crucial in take-oft >nd landing, in visual navigation, bombing, re- 
connaissance, and search. In all these operations, the visual task involves detecting objects on the 
sea or ground, and usually it also involves identifying them.,, Whether the object is a beacon or moun- 
tain peak as in navigation, a warehouse as in bombii^. or a downed plane as in search, the detection 
problem is essentially the same. It is true that, in navigation and bombing, one is dealing with larger 
objective targets than in reconnaissance and search; however, with current speeds and altitudes, large 
objects must be detected at such great distances that they may appear very small. In other words, 
the chi el distinction between navigation, bombing, reconnaissance, and search is not the type of visual 
information required or the visual functions involved in getting it, but what ic done with the informa- 
tion after it is obtained. 

Whatever the mission, personnel searching from aircraft must be able to detect a tremendous 
variety of objects — periscopes, camouflaged buildings, all types of ships, all kinds of landmarks for 
navigation — against every cone, vable kind of sea and land background. It will be seen in this chap- 
ter that problems abound, and that our knowledge of air-to-ground vision is not complete as yet. 

In general, the ease with which a target is seen depends on six principal factors: (1) character- 
istics of the observer, (2) characteristics of his aircraft, (3) time of day, (4) meteorological con- 
ditions, (5) characteristics of the object or objects sought, and (6) the techniques used to search and 
identify. of the aircraft are covered for ail phases of filghi. under vision Through 

the Windshield and Canopy in Chapter 9, Factors Influencing Vision Outside the Aircraft . The other 
five variables are discussed in the pages that follow. In this chapter, particular emphasis is placed 
on how detection and identification are influenced by the characteristics of the object and the tech- 
niques used. At the end of die chapter, problems associated with these variables are presented for 
specific missions. This presentation is in the form of a summary table. Often, one or another col- 
umn in the table is empty, not because there are no problems, but because there are no data on them. 

CHARACTERISTICS OF THE OBSERVER 

By characteristics of the observer, we mean both the individual's basic visual capacities and 
such factors as the number of observers involved in the search. 

Color Vision in Detecting Camouflage 

To study color vision in its relation to detection of camouflage, two groups of color-defective 
and normal subjects were matched in flying experience, rank, and age.11-20 Missions were flown in 
a B-26, and observations were made through the bomb-bay and side-gun vents. Irregular panels 
about nine by nine feet, p«.utted in standard camouflage colors, were placed at different times against 
three backgrounds: grass, sand, and grass and sanu. The subjects observed the panels from alti- 
tudes of 4000, 3000. 2000, and 1000 feet. Each subject counted the panels displayed. The score was 
the number of errors made. Two observations were made by each subject at each altitude. It was 
found that the ability to detect brightness differences is more help in finding camouflaged objects 
than the ability to detect color differences. However, subjects with normal color vision were 
slightly, but consistently, more efficient in detecting the panels than the color-defective subjects. 

Factors Other Than Vision in Target Detection 

Target identification calls for the use of several faculties besides vision. There is a tremen- 
dous difference between merely reporting that something has been seen and telling exactly what it is. 

In order to identify an object, the observer must know its characteristics. Learning, memory, and 
other psychological processes are thus brought into play when the individual must interpret what he 
secs. More specifically, two investigators 1 1-9 have analyzed the variations in performance among 
experienced observers during a ten-day field test. They found great difference in ability to carry 
out tactical aerial reconnaissance successfully. They conclude that there is u need for better crew 
selection and training in tactical reconnaissance. 


2.17 


Number of Observers 


Since observers differ so markedly in their skill, one might ask whether it is advisable to em- 
ploy a large number of observers on a single flight. The same investigators H _ 9 found no significant 
differences in detection from single-seater and two-seater visual reconnaissance aircraft. On the 
other hand, other workers 11-8 tentatively recommended two-man reconnaissance aircraft in an 
earlier study. 

Theoretically, the probability of detecting a small or camouflaged target is increased when an 
observer is added, as Table 11.1 shows. This table Is of little use at present, because no data hi'.;, 
been gathered on the probability on one observer detecting a target under given sets of conditions. 
However, tne table may be helpful in the future, when data have been accumulated and field tests have 
been made to test the table* s validity. 

Table 11.1 Probabilities of Detecting Target for One and Two Observers* 


A - Detection probabilities assumed equal for pilots and observers: 


Probability that 
One Will Detect 
Target 

Probability that 
Two Will Detect 
Target 

Gain by Adding 
an Observer 

0.05 

0.097 

94% 

0.1 

0.19 

90% 

0.2 

0.36 

80% 

0.4 

0.6* 

60% 

0.6 


40% 

0.8 

0.96 

20% 

O.i 

0.99 

10% 

1.0 

I . . * i 0 


B - Percentage gained by adding ibsixver when detection probabilities 
are unequal for pilot and observer: 


Probability that 

Percentage Gained When Pilot Detection Probabilities Are: 

Observer Will 


1 

i. 





Detect Target 

0.05 

0.1 

0.2 

0.4 

0.6 

0.8 

1.0 

0.3 

570% 

270% 

120% 





0.7 

1330 

630 

280 

105% 

45% 



0.95 

1800 

850 

380 

180 

60 

25% 

0% 


•(Chapanis et al.H-8) 

TIME OF DAY AT WHICH FLIGHT OCCURS 

Target detection is generally better by day than at night. At night, the color of objects Mother 
than lights) is no longer a useful clue, forms are more difficult to distinguish, bright lights may 
suddenly appear and interfere with dark adaptation, and visibility in general is decreased. However, 
cor.diticiis by day are by no means uniformly favorable to visual detection. Shadows, haze, glare and 
reflections from water and snow, and many other factors affeci vision by day. One of the night look- 
out's advantages over the day lookout : ; his greater absolute sensitivity to light. When he is fully 
dark-adapted, he can easily detect lights that cannot be seen in daylight. 

An Individual is sometimes exposed to an extreme range of illumination levels over a short 
period. On an overcast day, a jet pilot often climbs from low illumination into brilliant sunshine in a 
few minutes. Similar situations arise when Dersonnel must alternate between outside tearch and 
reading Interior displays. 
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In general, however, detection tanks are most effectively carried out betv»een midmcrning and 
midafternoon, just as in air-to-air search. 

CHARACTERISTICS OF THE OBJECTS TO bE DETECTED 

The properties of an object that determine how easily it can be detected or identified are diffi- 
cult to analyze quantitatively. They vary greatly from one situation to another and appear in many 
different combinations. However, we can name and discuss these properties individually. The im- 
portant ones are size and shape, brightness contrast, color contrast, complexity of the background, 
whether the object la. stationary or moving and the numoer and density of objects being sought visually. 
These factors will be considered in the order given above. 

Size of Object 

When an object is small in actual size (e.g., a submarine periscope) or in subtended size 
(because it is far away or oriented so as to subtend a small visual angle) detection is extremely dif- 
ficult. Some evidence of size of target vs. detection is provided by two investigators.il *7 They 
investigated the variables that affect an observer's ability to pick out critical targets in a hetero- 
geneous array. Three observers viewed a complex array of forms under varying conditions of 
distance, exposure time, number of forms, and brightness contrast. Forty-six forms, both recti- 
linear and curvilinear, were used. The percentage of correct responses in picking out certain 
rectilinear figures was tabulated. The results show that the probability of correct response de- 
creased linearly with the distance between the subject and the target. An interesting finding was that 
a form that could be picked out only at a high contrast — 100 percent — when it was 0.6 inch wide 
could be picked out at a very low contrast — 7 percent — when its width was increased to i inch. 

That is, a small increase in area compensated for a large reduction in contrast; in fact, the increase 
in area required to compensate for such a contrast reduction was much smaller than one would pre- 
dict on the basis of detection data such as those 11 "* 0 mentioned in Chapter 9. 

Shape of Object 

A study by one teamll"17 grew out of such practical problems as this: If several scattered 
areas of a dockyard are illuminated, will they be made more easily visible from the aiv than a single 
lighted area at die same level of illumination? In the experiment, the mi nimum perceptible bright- 
ness of a circular patch was compared with that of (a) an elliptical patch of the same area, and (b) a 
regular, circular group of circular patches of equal Size and brightness. The patches were projected 
onto any one of 36 positions on the inside surface of a screen shaped like a section of a cylinder wall. 
The illumination of the patches was increased until they were seen by the dark -adapted subject. 

There were three subjects and two screen brightnesses- 3 x 10"° candles/ft? for starlight and 
52 x 10-5 candles/ftZ for moonlight This team found that the size of the lighted area, rather than its 
shape, determined visibility. It seems, therefore, that shape does not determine detectability as 
much as size. 

Brightness Contrast 


The brightness contrast between an object and its background is another important variable in 
detection. In some cases, size can be increased and contrast decreased, or vice versa, with no 
change in visibility. An example was the aforementioned findingll-7 that increased size brought 
low-contrast performance nearly to the level of nigh-contrast detection. Another investigator 1 ! -18 
did an experiment in which white, gray, ar.d olack panels were laid out on the grouna m the form of 
symbols. These were changed between each run of the si.craft used. The symbols were 


TLm_XHC _ , 

The panels were either 8.6 by 1.4 feet, or 17 by 4 feet. The con- 
trast provided by the white was 0.85 to 0.90; by the gray, 0.50 to 0.60. A pilot and three o servers 
flew p;> u the target on a predetermined course, with constant aldtude for each run. Visibility on 


some rens was good, on others it was limiter; to 3 to 6 miles. The position of the target was known 
to the observers. The observers reported when the signal was (1) first seen, and (2) first legible. 
The results are shown in Table 11.2. Here we see that visibility (detection and identification) for 
atrrraft increases as a function of increased brightness contrast?!" 10 
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Silt it wnicn rmcifl wen? Firm dpct 

and Tint Legible, In Mites* 



1 Large White Panel 

L 

Small White Panel 

Small Gray Panel 

Altitude 

Good 

Vis. 

j Vis. 2-8 
j miles 

Good 

Vis, 

Vis. 3-8 
miles 

Good 

Via. 

Via. 3-8 
miles 




First Seen 



2000 ft 

2.4 

2.1 

1.8 

- 

1.1 

1.1 

4000 

2.7 

2.6 

2,3 

2.0 

1.0 

- 

0000 

3.8 

10 

18 

12 

- 

- 




First Legible 



*000 

1.7 

1.8 

1.3 

- 

1.2 

1.0 

4000 

2.1 

12 

l.S 

1.5 

1.0 

- 

6000 

2.8 

2.5 

1.7 

1.6 

- 

- 


COLOR AND COLOR CONTRAST IN RESCUE EQUIPMENT 

While color contrast ia a factor to be reckoned vth In the art of camouflage, moat of the work 
In this field is d«s in the urgent need for adequate equipment. Tit* emt4w*ie ia on air-sea 

reacu ', Since quick detection la usually more Important at sea than on land. 

The comparative value of various colors has been worked out for smoke signals, flags, flares, 
parachutes, raits, and markers Of all sorts. The findings, of course, apply to missions other than 
search missions — by choosing vivid markers to show where an enemy submarine was sighted, for 
example, and by choosing colors for ship-tvair signals. The various studies seem to agree that, 
except for smoke signals, red is the best color Tor signals that are to be seen from the air against 
sea backgrounds. The original color choice for atr-3ea rescue euiulpihgni wifi a hfigM yeQowl This 
has been changed to a bright scarlet because it was observed that yellow life rafts blended with the 
bright reflection of the sun on the water.* Jw 4 The basis for rhe choice of bright ed rests on such 
investigations as those done by two investigators in April lOfigM'* 1 They found that a small red area 
retains Its hue at a greater distance than any other color when the background Is black or blue-green. 
While was next best under the same circumstances. 

The effectiveness of yellow as compared with a graduated series of yellow-reds and rede \ssa 
studied by another teamJ* 1**5 Observation* were made outdoors fa sunlight at distances at fifty to 
one hundred and thirty feet from the targets. The test colors were 1/4-inch circles mounted on 
blue-gray boards representing the color of the sea under different weather condition*. The results 
indicated that yellow Is a poor choice for life-saving equipment and that orange-red* of the same 
brightness are more visible. Others**'!# extended this Study by finding the refatlv J threshold visi- 
bility of a series of light red-purples, reds, and yellow reds, unmodified by atmospheric attenuation. 
Color* within the range of rest red proved more visJbie than other colors Of the name brightness and 
chroma. The authors also point out that colors displayed against darker backgrounds were detected 
at much greater distances than when they were displayed against lighter backgrounds of similar con- 
trast ratio. 

For small object# such is flags, white should not lx since it can be mistaken for white- 
caps or foim* I -2 The same criticism applies to yellow, which frequent! 7 appear* white at a 
distance. Red Hi. again, the best color for pyrotechnics. 
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The minimum inte-»ltv of IJghta used in air-sea rescue must he a great deal higher in bad 
: weather and during the day than on a clear night, if the lights are to be seen at any distanced*? 
However, Table It. 3 ahows that red la superior to other color* under a wide variety of atmospheric 
condition!, The tabic show* calculated minimum values at 6000 ye, Ja. Valuta at other ranges can 
i Im calculated by the Inverse square taw (Chapter 3). 


Table ll,3 Csadlepower Required for Llg'itt to be Seen at KM Tardsit-S 


Atmosphere Conditions 

d 

Amber 

White 

Orem 

Hignt, clear 

1.0 

3.0 

« 

3.8 

Night, light rate 

l.i 

■ 3.1 

3.0 

3.8 

Might, overcast sad has* 

3,1 

4.1 

3.1 

8.8 

Might, heavy rain 

M 

33.8 

133.0 

33.8 

Might, light mow 

figjj 

•38.0 

1886,0 

8810 

Day, overcast ud huo 

7000.0 

1111.0 

lain 

4000,0 

Day, ciskr 

4TTI.0 

7880.0 

JI.MIjO 

10.000.0 . 


- Marta* make mar* era ware tested durliaje a— day, vsder raryisg itvSi > ^Um 

Hying at *000 feet! 1-1 A single observer flew os SI tost rune. gwr various color*, tfca rgege ..w*a u _ 

i - fsssd a^ »&c =a ife s tnz-±;c toj»gr te iUww iTff ie d Wm Ef ari giciai maiusr. TStTfSaBS. 

t tfln l aM , to order of vscvUence: white, green, yaiiow, black, and Mo*. The superiority of wldte 

- »-*■ «“ ertfcMlerty sfSffe=d-=?^r'Cor i *tlssr is llf2£ wind, cues Mi, Mild weather, and good 
visibility. Anwrenly, white smoke marker* producad a bsavlsr flow of sinafet than other markers 

3 asid a oMU that rose straight sgh The white smoke signal also persisted kxgsr (abou! six minut**}, 
s la eH cat U g Hud perhaps it la act color stare that d et ermines the efeote* (or smoke marker*. In any 
* went, amokee that have a Ugh contrast to the dark sea backgtouud are batter the* other*. 

a ‘ r 

Thar* nr* fewer date on ground targets or signals to aid search, either (1) because sea search 
la more common, #o color and color contrast values have been worked out wore thoroughly, or (9 
“ bertune earth backs «w»wte are more variable, no it Is m-ars dJ Rlmi lfft> « petrify sme color as best Jar 
s aii condttkma. What evidence we do have, however, again suggests the choice of reddish hues, in mt 

- study, six pan-chute canopies were tested for risibility against water, foliage, and sand firm various 
, ittitad*#, fiarh canopy was mode up of alternating white and colored panels. Color* Mated were 
, International orange, fire orange fluorescent, end aecw red fteowwcent. Fire orange fluorescent whs 
’ lh« most visible of the colors two tad. 

CAlfOUTLAOr 

Camouflage Involve* manipulating various attributes of the object one wishes to ormeeal. Coe- 

- cealment or deception la usually achieved by destroying the vieual pattern (contour lines end texture) 
Hurt makes it possible to detect an ob)ect against its background, Variations may be made In the 

: color -- the hue, brightness, or saturation — of the objects, so that It bieada into the surrounding 
»rwa; or characteristics of the surrounding area, such as foliage, may be superimposed on the target. 

: Par deceptive purposes, the atm may be to create a false impression of Urge! characteristics or to 
create the Illusion of a target where no target mists . for ~~r to maxe it appear that there is 
t ground installation In the midst of a barren forest. Figure 1 1.1 shows so elaborate attempt at con- 
cealment and deception. In air-to-asu warfare, skip* have been painted two- tow* gray, mottled green, 
ind dark gray to Mend with the ocean. Often, camouflage need only be designed to conceal or deceive 
during a lew crucial moments, as aircraft past over an installation. In sock cases, smoke screens 
or lights to classic may bo used. 
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Figure 11.1 Labyrinth of Lines Has Been Painted on This Airstrip in an Attempt to Blend It 

With the Surroundings and to Confuse the Eye 

At upper part of strip a road 1? simulated. Straight-line edges of 
the strip will stand out, however, and the light tone of the strip 
still contrasts with background. The terrain at left is used to 
conceal antiaircraft positions and aircraft revetments. Some 
revetments arc covered.(Anonll"5) 
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Complexity of Background 


In the laboratory studies pertaining to visual air reconnaissance, two investigators ' 1 * 7 
found that when certain critical targets were lmbedc d in a heterogeneous array of forms, the 
probability of picking out the correct target decreased linearly with the log number of forms in 
the array.* They also analysed their data to find out how much the density of forms within a 
given area influenced visual performance. Surprisingly enough, their data showed no consistent 
effect of density or clustering upon re cogn inability of the target form. We do know, however, 
that, when objects are clustered together so that the contours of individual forms are obliterated 
or m ask e d by overlapping, they are much harder to recognize. 


Stationary vs . Moving Object 


Whether an object moving os the sea or earth is easier to detect and identify from as 
aircraft than a sta ti onary object probably depends on the task «et for the observer. If his only 
function is to detect whether an object is present, a moving object is easier to detect, particularly 
against s heterogeneous background. Certainly, field tests tend to confirm this, even for low 
altitudes. 1 * -9 On the other hand, it Is reasonable to suppose that identifying an object becomes 
more difficult as relative movement between the observer and the object increases . Other things 
being equal, angular relative movement between aircraft and ground objects increases as altitude 
decreases 1 1*14 Obviously there Is room for more research in this area. 

Number and Density of Objects 

More data are also needed on how the number and density of objects affect their detectability . 

In the visibility of light patches in low illumination, minimum perceptible brightness for 
scattered lighted areas is about the same as for a single area. This indicates that scattered 
li g htin g of a ground installation would not necessarily give it away. However, observers are 
better at detecting grouped objects than at detecting scattered objects . 

Dispersing lighted areas at night and personnel by day are radically different . More data 
covering a wider variety of situations are required. It is likely that whether concentrating objects 
or scattering them is best depends on specific characteristics of object, atmosphere, and observer. 


TECHNIQUE USED FOR DETECTION AND IDENTIFICATION 

While some equipment and techniques vary with the mission, others are common to all 
missions involving air-to-ground vision. The effectiveness of navigation, bembing, reconnais- 
sance, and search all depend in part on the speed and altitude of the aircraft, the search pattern, 
the scanning methods need, the length of the flight, and whether or not visual aids are used. 
These factors are discussed in the following paragraphs . 


Speed and Altitude 


Some have found that there are no significant differences in the ability 0 f pilots to detect 
targets at quite widely different speeds during tactical aerial reconnaissance. Altitude is 
important. Above a certain altitude very few of the targets are recognized, and, when they 
are concealed, recognitions drop to nearly zero, even thiugh the means of concealment are 
primitive. One study 11 * 1 ^ gives the best search altitudes for day and night. Tactical re- 
connaissance pilots, who were Interviewed, agree that low and slow flight is best for reconnais- 
sance . On the other hand, high and fast flight is best for evasion. Where enemy defenses are 


•This experiment !a described above, under Size of Object 
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Rood reconnaissance pilots may be forced to perform at speeds and altitudes that make it impossible 
to do the careful searching required to spot camouflaged gun installations, well-deployed troops, and 

the like. 


Search Patterns 


Search plans set up for rescue operations are of the following ma in ® 

retiriflff souare Some information has been obtainedll-13 on search pat- 

t^Ti?5hecourse of testing the visual range of a variety of devices that might be use °J or ^"' 
gency signalling from the surface of the ocean by day or night. Daytime plane runs were mad \ m 
patrol bobber aircraft flying (1) head-on toward the signalling equipment with J^ e ^ reiative 
bearings of 0°, 315", 270", 225", 180", 135", 90", and 45", and (2) on a creeping hne search on 
parallel legs 8 to 15 miles long, working toward the equipmem m i-x/2-mile steps, starting 10 to 1 
miles up-sun from die equipment. (Each leg was perpendicular to the sun s azimuth.) Jn head-on 
runs, the crew included a pilot, a co-pilot and two bow observers, one with binoculars, the otterwith 
polarised glasses, fa creeping line runs, there were a pilot, co-pilot, two now ooservers,juiQ two 
waist observers, one with binoculars on a Stick -mount, the other with 

oscillation mount. As many observers looked down-sun as conditions allowed. Night ooservatioos 
were similar to day, with the moon instead of the sun used as reference. The investigators conclude 
that the best search track in clear daylight is a creeping Une forward down-sun. On cloudy days ana 
at night, an expanding square pattern is best; that is, the pilot flies a square pattern with increasingly 
longer legs, startup at the first estimated position of the object to be detected. 


Visual reconnaissance techniques in the Air Force are based largely on collective experiences . 
The search patterns used actually seem very similar to those in search: a widening circle, which is 
like an square, and n "plowing" pattern which Is like a creeping line search. For recon- 

naissance along highways the like, an 8-curve is often flown. The main purpose of this pattern is 
to evade enemy Are, but it has the additional advantage tint the pilot, being almost continuously in a 
bank, has a better downward view than In straight and level flight. Observer performance is increased 
by making a second pass over an area no matter what one's particular altitude . There is one very 
important point about recmmcluance in forested areas. That is that the observer must look straight 
down. A slanting sight line will locate only a small fraction or nsac at all of the targets depending on 
how heavily forested tin area. This means that reconnaissance aircraft should be designed so that 
the observer can look straight down. Otherwise the pilot has to bank and turn the aircraft which means 
more Mm* «ad v ulnerabilit y. It aif» dteckr as to the enemy that a reconnaissance has been made of 
the area, permitting him to move the targets before a target strike can take place. 


Method of Scanning 

Obviously, no search pattern will be effective unless the pilot or observer scans properly. 

That is, he must move his head and eyes in such a pattern that h<! does not miss large gaps of terri- 
tory with his central vision (or his most efficient peripheral vision at night). He must scan at a slow, 
careful rate, but not so slow to fly by objects in o».e sector while scanning another. Proper scan- 
ning pattern and rate vary with such factors as speed, altitude, time of day, object or target being 
hunted, and background. The following paragraphs summarize investigations into this problem. 

Scanning procedures for larger aircraft are summed up as follows; Observers should be assigned 
for uniform coverage of the forward 180 degrees of azimuth, with an additional lookout in the tail to 
cover the aft position during the up-sun runs. Scanning should be carried oat almost entirely along a 
line a few degrees below the horizon, with only short glimpses closer in. At heights up to 5000 feet, 
distances more than eight miles ahead are only a few degrees below the horizon. At 1000 feet, four 
miles away is only 2.5 degrees below the horizon on the clearest day. Since submarines, for instance, 
should be picked up at distances greater than four miles in average weather, it is essential to ; can 
the sea just below the horizon. If too much time is spent scanning the sea within four miles of the 
plane, the average range at which submarines are sighted will be seriously reduced. 


Seaming rates for small, dim targets were well investigated.! 1 _1 2 Targets were a series of 
eii/ht silhouettes with three different contrasts and four different areas. Brightness levels varied 
from 1 to 10"4 rnillilamberts. Five enlisted men with lockout training servp't w subjects. They 
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ware dark-adapted 49 minutes. Om man placid a give:, Urget at a predetermined position, m t 
w«d sum recorded which Urgtt vu presented, Its ptmttion, brtgfeteew level, turn at the begin- 
ning tad end at team, and tin* of discovery of the target. The third man scanned with T x 50 IXnocu- 

tans, A constant rats of scan nan maintained with a me tro no me. The jobs were rotated every 30 
aslant**, Sack man made SO scans la his 3Q- uolnute observing period. Total scans per day were 
310, total la the experiment, 800®. Scans alternated b e tween fast end si iw. For slow scanning, the 
metronome wea set for 4 d ig r es s every 8 seconds, and an subject was instructed to tlx the horlson 
0.5 degrees above the center of the field and to use same systematic pattern of search. For fast 
scanning, md Metronome wen set for 5 degress every second; no specific instructions were given 
under this c ondition. It was found that, for very weak targets (low lewis of Illumination), ihe slower 
ac&nsiiwg rate gave shorter mean de t e c tion times. At higher levels of Illumination, the fester scanning 
I rate gave shorter mesa detection times. In some situations, inconspicuous targets like rescue eig- 

i Mis remain on the ArtshoM of visibility for long periods. For example, for some time the aircraft 

may not eloe« bL on Hie target, eo that it remains just visible tf the observer looks rig lx at It In 
searching for sock tatwwts, alow scanning Is proper. But in some pressing situations, fast scanning 
Is definitely required. 11 -12 

Duration of Flight 

The shorter the flight that c*n acccsapltsh the purpose, the better, since long uninterrupted 
flights mean high scanning fatigue. 

SUMMARY OF ATR- TO -GROUND VUg B I UTT PROBLEMS AMD fOLUTTOPW 

Table H.4 lummarliBS the protusms in air-to-ground vlelatllty and lists the awtbods at over- 
coming them. It can be seen from the table tint in same cues tin problem has not been examined 
systematically; that is why the spaces are left blank. Thus, the table can serve u a guide to areas 

rgqpii ri^ fttrisgr trrfrrr Sg&iim.- - — — 


Table 11.4 Air-fiy-Ground Visibility: Summary of Problems and Solution* 



NAVIGATION 

BOMBING 

RECONNAISSANCE 

SEARCH 

A, Characteristics of the Observer 




I. Color 
vision 

Must be good 
lor reading of 
colored maps. 

Must be 
good lor 
differen- 
tiating 
ground 
target*.U-18 

Must be good for 
came reasons as 

in bombing. 1 1-19 

Hunt be good 
for identify- 
ing colored 
signals. 

2. Training 

Obser 'er can 
be trained to 
correlate 
terrain and 
map features. 

Training in 

radar target 
recognition Is 
desirable. 

More and bottei 
training is 
needed. 

Observers and 
pilots should 
learn to scan 
systematically 
and to report 
objects when 
Uiey are not 
at all sure they 
are Important. 

3. Number 
of ob- 
servers 



Two men, alter- 
nating at the job. 

Three to atx 
(depending on 
field of view 
available}. 


B. Time of Day st Which F light Occurs 


1. Best 
time 


Midmorning to mldafternour. 







3. Night 
versus 
(fay 


There is 
always more 
c hence of 
seeing a 
suitable 
target 
marker at 
night than 
there is of 
seeing a 
natural 
aiming point 
brdayll-21 


At night, full use 
should toe made of 
mom's path. 
Down-moon, sub- 
marine should be 
picked up at 2 
miles; up-moon, at 
4 miles with naked 
eye,**-® 


Night search 
from air for 
rafts without 
signals is 
practically 
hopeless/* ~1* 


3. Poor 
atmos- 
pheric 


none 


C. Characteristics of the Ci -i Sought 


2. Shape 


3 Bright- 
ness 

contrast 

4. Color 
contrast 


5. Com- 
plexity 
of back ' 
ground 


D. Characteristics of the Technique Used 

1. Speed 


2. Altitude 


3, Search 
pattern 


4. Scanning 
method 


In overcast, 
orange » stoke 
best and 

ineffective,* 5 ' *3 


Secondary variable 
in camou fl age. 

Primary variable 
In camouflage. 


Red best for 
sii signals 

accept smo'.e 

markers. 


Objects are easier 
to detect against a 
simple background. 


The slower the better. 


The lower the better. 


Parallel sweep or expanding circle or 
square. 


Just below ths horlson, except 
in forested areas. 


j. 

f 


-Ml'" ■■ 








Look for tracks In dmrt and now, 
trails that go off roads and atop, 
shadows, and angular formations In 
wooded ftma. 


?. Special 
tricks 
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CHAPTER 12 

TAKE-OFFS AND LANDINGS 


This chapter deals with the visual problems that arise during take-offs and landings and the 
factors that influence visual performance in these flight phases. First, research on problems arising 
at the time of airport arrival are discussed - Le. , dealing with the traffic pattern and making appro- 
priate distance and movement judgments. Then, approach and touchdown difficulties are enumerated. 
Visual aids such as runway and approach light* and runway markings constitute the next part of the 
chapter and taxing is discussed at the end of the chapter. 

THE IMPORTANCE OF VISION DURING TAKE-OFF AND LANDING 

On the basis of many analyses, we know that a large percentage of aircraft accidents are 
blamed on human error. Poor o*; inaccurate visual judgments often play a major role, though not 
necessarily the only role, in tbe series of events which lead to an accident. 

In some analyses of aircraft accidents, a few of the visual causes have been isolated. Re- 
searchers 12- 35 studied accidents caused by over- or under-shooting the runway in non-emergency 
landings. They state that "... the primary cause [ of under- or ove* -shooting] was faulty distance- 
rate- of- closure Judgment on the part of the pilot.” They go on to point out that "... factors which 
reduced visibility or interfered with normal depth perception resulted in an increased frequency of 
these types of accidents." They suggest that such accidents could be reduced by visual glide path 
Indicators and clearly marked touchdown areas. 

Another study 12-10 showed that errors In visual performance were repeatedly among the 
errors leading to Jet aircraft accidents. Hie single most important visual problem was the pilot's 
failure, for one reason or another, to see collision objects. This study brought out that most of the 
factors affecting visual performance were contributing causes of one or more accidents. 

VISUAL RESEARCH RELATED TO TAKE-OFF AND LANDING 

Airport Arrival 

Several visual cues a pilot discriminate a runway from the surrounding terrain which 
serves ss background. Important ones are brightness contrast, color contrast, and texture differ- 
ences. At a distance, brightness contrast seems to be more important than the others; the colors 
oat their purity, so that color contrast is below threshold, and the microstructure of runway and 
terrain, which supplies the texture differences, cannot be discriminated. As one approaches the 
airport^ color contrast and texture become increasingly effective and tend to reinforce the bright- 
ness contrast cues. 

In one study 1 ^-12 i brightness contrast measurements between runway surfaces and surrounding 
terrain were made at sample airports. It was found that in many cases the contrasts obtained were 
below a value of 0.05, which is the commonly accepted threshold for contrast. An asphalt runway 
viewed against a grass background yielded a contrast value of .045, which was below threshold. White 
concrete runways viewed against an earth background were the best, with a contrast value of -1.175; 
but even this was not far above threshold.* 

•Contrast is , where B is the brightness of the background and hB the difference between the 

brightness of the object (in this case, the runway) and the background. A negative contrast value 
means that the object is brighter, than the background. In the case of an airport runway, one is 
interested in the apparent contrast — the contrast as seen from a distance, where the brightness 
of runway and terrain are off acted by atmospheric attenuation (see Chapter 9). The minimum con- 
trast that can be discriminated decreases as the absolute brightness increases (see Fig. 8.12, 
Chapter 8); contrast below threshold on a dull day may be above threshold on a clear, sunny day. 
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When visibility estimates nre made to 
determine whether visual flight rules s h a l l 
apply, they are made on the basis of objects 
that contrast well with their backgrounds . 
Thus, when one-mile visibility is reported, 
a pilot may not be able to distin gu i s h a runway 
until he is much closer than a mile, if the 
runway has a low contrast with its back- 
ground. A series at theoretical <mrvesl2-12 
shows how far out a pilot can distinguish a 
runway at various values of reported risi- 
bility. Ode of these curves is presented in 
figure 12.1. This figure shows when 
visibility was estimated at one mile that 
even concrete against earth (contrast - 
-1.75) could not be seen until the aircraft 
has approached to within a half mile. 

Because of the shape of the curves 
like that in Figure 12.1, large improve- 
ments in runway visibility can be marts by 
small improvements in contrast when the 
Initial contrast is low . The above study 12- 12 
concludes that for a majority of the airports 
studied the contrast betw ee n runway and 
background was in the range where a large 
increase in runway visibility could be ac- 
complished by a relatively small improve- 
ment in contrast. 



Figure 12.1 Calculated Distances at Which 
Runway can be Detected at Various Contrasts 
When Visibility is Estimated at One Mile on 
the Basis of Meteorological Conditions (after 
Barr, Hussman, and Parker 12-12) 


Pilots often do approach the runway properly when brightness contrast, color contrast, and 
texture difference are below threshold; the obvious question is what does the pilot use as a guide 
under such circumstances? A definitive answer cannot be given. However, it seems likely tha' 
major features of the terrain are used up to the point where the runway becomes visible . Fr . m 
perception may play a role in this process. For example, it has been suggested that angul? . 
shapes of man-made objects, such as airport boundaries and hangars, can be <asting>iish' ‘ from 
the irregular forms of nature . 

The TrafHc Pattern 


When flying in the traffic pattern established for an airport, the pilot must make a cor-imu- 
ous series of several kinds of visual judgments. 

Distance judgments (i.e., depth perceptions) are probably the most Important; they Include 
judgments of both relative and absolute distance. The idiot must judge how far he is from other 
airplanes, which of two planes is most distant, how high he is above ground obstacles, and 
how far he is from various points on the airport. On the basis of this series of j udgments 
he forms a perception of thre?. dimensional space in which he locates himself and all the 
other important objects in his environment. Anything that influences the accuracy of his depth 
judgments thus affects the precision and safety of flight in the traffic pattern. 

The pilot must also continuously judge both relative and absolute motion — the relative 
motion of the ground as well as the relative and absolute motion of other aircraft. On the basis 
of these judgments the pilot adjusts his position to fit in with other traffic or to avoid collisions, 
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and te restarted to ml— to kte pe «ger U npid (efcechsd by fee airspeed Indicator) . Denth 
and motto* MeaMU an of source related (eee Chapter I). 


Ba c ig r o wa d I h rt g —aoa I — how tarn <**•** to hrflniwr to* accuracy of both depth 
M b — mo and iMttty to M* t rtte to ar rt t — u* ahgw*d (verate, diacrlmteaiioaa) , 
In ves ti ga t or* c oa el w te Mot Mb** 0 at tmi depth U toon teffc— ood by MM— cteyti 
tort »r§ —rater thserlmtertisss, TWi te a curvilinear relation betws* n background 
brigMaosa AMI Mwmy to Mb Mato of Acer— tattoo. Ho ertttaal sloe tells at 
abort am w UUkmbe rM ibm u, prarttotUy no Uo p pao a— rt ta accuracy takes place. 
They also B rm e t uto (bat at low tew*la at tan fe§s?«wad brighten**, rtaaal acuity maa to 
be tKi Important toe tor la judging ifcpfe or ollfa— alt tort at Mghar level* twk judg- 
— «*• era baaed oa (fitter— la torffbtasee,, etc., between objects and background. 

Tbsae results wan otoatae* tar JndB— **• at raUUra deptk . tt would be mterestu* 
to ni ohara Aba* aloo apply to jai $ — rta or ehaoteto depth (l.e., aMlity to estimate to* 
aeteal distance of an ebtaen, 

Ttow firth*! iwHcato *>■*» Sfc- dtataacc a g iaator «rrwii ■**•( ™ ? ‘".rile -^L.u 

« U egai'ist tsc say *i— wh*« a ie mwii agaau t toa reteUroly dark gvound. THey 

also todteate tort toa |u df— Bta juay to teaed on dUfcmt types of visual ptrbrnuM other 
aircraft bsis* oWcrve d in u ironic patient often pass from ooe of these backgrounds to the 
other. Bach chan** inhs*ky?»ffid — v »- — ig- bjWir s toe-aceunrey wits wiactr 

loeir maUmtt nut* he }t*dgsd. This could acroaat tor *»• of toe duneuittea to judging and 
maintain! 'c props i spacing to fHgte pattens. 


J edg to g Mot km. TO# dvtoetkM of motto* has been state maritally explored, kfeny 
variables IMkaoenos to r e ah old — petty — toa ta—rt velocity aa object can bare and 
bo Sees aa moving. These taelwto toa dUeottoa of movement, duration at observation, 

I Hum toatlon, slat of toe field acalnw wbleb toe object morse, — retinal area stimulated, 
and toe type of background. As baa been pointed out, toe detection rt motion to impor- 
tant to dying to a metric ted air space, such as a traffic pattern, with other aircraft. 

For » ample, Qn * **’ to * n| rt coMiVton Is rc sfcssir? uiler eiremft are moving 

relative iu the observer. S a a BHrtfoo to detected and the oocomlr aircraft to getting 
larger. It Is oa 3 collision course wife fee observer. Any of Hie variables that Influence 
motion detection (hue affect the pttal’s ability to Judge waetoer he to on a collision course 
with another aircraft- Section s i &a ohjrti to reieaon to a vartotpUed background (differ- 
ential movement of Images oa fee i«ttoa) to most readily detected. 

The night situation call# for such motion discrlmtefeUoue to be mad* against muring 
backgrounds over a wide range at speeds. Adding to toe eoorptoxtty of this problem, eye* 
•re also moving. Thus, Judgments of relative mouon and acceleration are by no mean* 
simple, the target, the background, the observer, and the eyes are all In motion at the 
note time. Nevertheless, judgments of motion are made successfully by people who fly 
airplanes The presentation at a few of Uie issue* and findings should serve to make the 
problem a little clearer. 

One study 12 '* 1 * semises two p osel bte eapla— lions of bow toe eye detects motion 
against a homogeneous background. One fa that the oyee follow « moving object so that 
tt re mail-# f—ted aa the fovea . Tie cues at stove— ot are supplied by the eye muscles; 
to mss* wey the brato works head mo vement* toto th* "eguation.” The other catenation 
is that white fee eye fixate* the object, the background images must Slow screes fee 
retina in uni^pit pstiensi cart bear a direct relation to the depth, rate, and direction of 
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mottoa of the target. IVn "flow*' patterae ft HI tfaoa iwontd to provide tto cuts toe 
our judgment*. 


Related to tto probUms erneadait by moving targets ud backgrounds to the affect 
at K#lcm ou vtausll acuity. Aft ability to dtacrimtaate visual detail while following an 
object with tto ry*+ to acaaftH— w «1M ftmsmlo jgri mots tty . 1 to* ton found**' 151 
tout tadlvfctaais wim aabn te s tte ily the mam atatk acuity* Moy differ fMtty to dynamic 
acuity. Thto moans toad: tto touts at visual acuity utility need to aaieettag pilots any 
bo poo? for prodfettag toe Ur ability to dtoerliftiMto elan 1 Matt to tato-off, laadtag, and 
other tttuattoas tout ra pi ra too pitot to track objects movlag at Up relattv* angular 
velocities. A toot a I paaatto amity *UgM to dsalrabtv to Mtabitsfatag visual standards 
tor pilot*. Many o I too to Ba t ata to tfmmtc visual acuity probably may to das to dlf- 
brtMM to tracking todctoaey. 


Firm? **. Ottor Ctoa to 

Tgybi'y; t eSttsm 


Askto from information furnished by tostra- 

emi to ton Us i whether to to dagartlag from Us 

wch as Mow described to tto foregoing 
/it mam organa to tto vaattbula oi tto 
sag (gf cm* furnished by evasion and 
(Tto tost too types of cues an 


correct gilds path. Ttoy an: (1) 
paragraphs; (B cues faratatod by lbs 
aar to aoeatoitotone I Minding toe pull of gravity, 
mil i am— I of mnlaa amt ottor ttaauaa tottta tfw body, 
tbaaa that naabta a amua to e— • u*e «*g r bs to asritj, ssSatatoiHu tolwr-. «r 


Though mgW Instruments give tto moat precise ud probably tto fatetoat todbMvHrm 
Ot ar ss f?oi= ito Sigs; ftoB; WiuiiBiT) they agpiliy Sircran l a wm w ii m«j «H**> 

ssr«» dcftnlto pouts of reference, judgments caa to made mil m to basts of the three 
danse* at e an gna 64«e*.. “ssryrvSS Is-*! hum utnnnt tto 

•uperlority of visual ones qnr tto ottorn tor detesting movaaae n l or rotation of toe 
Unto- A urtto and clear vtonal Hold that permtto (to opereton of ttoun visual cues Is 
i mp orta nt for toto reams as veil as tor may ottor a. 


C md u a kma. Oily vary maral co a cl n nto m t can to draw* from avaitabto research 
on tto visual problama involved la flying at low elevation in tto traffic pattern. First, 
tto visual judgments concerning depth, mamnrntL, and shape seam to be tto imports* 
tssea. geesad, ites* fogy a e sis dspssa ts souse i«w wtt uw another; for enumpts, 
JwtomsM of roUllvs motion depends partly nr jHApnsst of dspth, and vie* wr*a. Third, 
B» vanablee that affect these visual Judgments are conilMoealv Into rue tin;. *n H>»* ih» 
accuracy at s series of depth judgment* t« changing conttmwualy . On tto ottor band, 
visual research writers ton tended to uaulye* tto effect of one variable at a time on 
one kind of vtmml pwriorsunea; obviously, their data esn solve only a small portion of 
tto operational vtaual problem*. M secant tost more visual research should to rondutod 
with tto actual c om tti toaa at flight la mind . 


Final Approach sad Touchdown 

Tto Importance of vision ta tats critical final phase of flight la obviou*. However, 
tto part pUyed by each type of vtaual performance and the affects of (to nan? visual 
variables remain largely u Devaluated. According to oat survey team 1* H », , 

K ywars at powtrod flight there is no accepted theory cm tto bmm* of aaaktag viatmi 


l a , the ability to discriminate sta tion ary objects. 



Judguanta about tha progress erf an approach to landing, or orthodox training in this task. . . 
They nan* rerUin cues that they teal art Important in landing. They suggest that thaaa 
cuss could b* lad into a landtag simulator suitable for research and train 'eg in iandinc tech- 
niques. Other InweUgator* *9-tJ, 1i-l> also advise building simulator# to gain a grantor 
understanding erf tho visual and psychological processes that taka plact (hiring landing. 


Eya Movement* During Landing . To study tba problem in actual landing operation*', 
tht pilot'* ay# Bmmm&t Sara haw recorded during landing. Photograph* ahovlng tba 
position of th* ptlot'a ay*? daring landing wart analysed to find out wfut ha waa looking 
at. Thay showed that tba pilot wan looking out of tha cockpit only about M parcant of the 
lima. 19-17 Tbs raat of hia ttaaa ha span! looking In tha cockpit or shifting hi* ayaa be- 
tween the cockpit aad out* Ida. The chief raaaon for looking in the cockpit was to raad U» 
a! repeat} Indicator; when air* peed information waa fad Into tha pilot's a*rs, Us eyas spent 
marly 100 percent of (he time outside the cockpit. Tbia suggest* that landing would ha 
greatly lmpivrad If airspeed information war* glean to the pUot ao that ha did not hare to 
taka hte eyas off tha runway. 


In another study, 1S ' S1 iwaaarebarft took motion picture* of ey* m nee manta during 
th* leal fir* to tan second* baton truehdown. Thfry ec*?~rsi groups cf e;5*ri«r.c*<! and 
™ ium no ci«r cut autcnfsces faetawwii Uw? iharacterieuc 

mo ve menu of tfcr two groups. In general, both group* moved their eyes back and forth 
h‘H , iMA**!!;> before ! Issitag - petal itnO §m il»mi . iaure data on eye nuvcntenta, and 
toaUw*ie»i arrangement* baaed on the a* data, an deacrlhM in Chapter 13. 


JJ Other na m. r ch ara 19-16 medc photographic record* of **» mneajiumt* * )r ipg §t»e- 

■— d*r«S Htgm maneuvers- Tba pilots ware experienced airline pilot*. In general, they found 
that tba rang* of eya mosamsaie la lass during take-off and landing than at other tlmee; 

1 during thaec phase* of flight, most ay* movement* fell within a com of approximately 60 
“f degree* , aad tha largo*! amount of lims Is spent looking at might ahead. Tlwlr data aug- 
,, peat lbs! th* most coacpellfeg prohiem daring landing la keeping th* aircraft lined up with 
4 U . runway. Maintaining proper edited* with refer* nee to the distance above th* runway 
li a correlated premie ni . Bow the pilot la able to Judge hi* blight above tba runway or 
^ tha rate of at ok at Ms aircraft becomes a matter of conjecture. One cxpian&Uca la 


* Expan d! nr Vlwual PiUrrna During Landing. to landing, the images of varlowa objects 

'I In the' T^BuarTtelH e.^psnd and flow toward the periphery of the retina as the object* are 
approached and muteed. TWa rasalta ae a function of * multitude of motion parallaxa*. 

m Owe reporter 19-kl gaggaate that this expanding pat tarn ambles tha pilot to Judge .a* poai- 

§ lion 1* space and hi* rat* of d» ace'll . to analysis, there I* a aero point in Um expansion 
d§ palUra fma which all m o ve m eet radiate* , It is tha point *t which th* aircraft la flying. 
'? As Uh> aircraft comes closer to touehdovn, th* se.ro pout of the expansion pattern moves 
to a new location. Figure 19.9 shows a schematic representation of the expansion patterns 
jI associated with approach** for landings In Figure 19.9, th* x*ro point la located it the 
j| expected point of touchdown. The data on ay* movement* seem to indicate that tha pilot 
$ during landing la largely occ upied with watching this aero point in Ur; nxjwMlcn pattern. 

I Race bs nsvar looks at tba rwnray muter him, ha mum Judge his bright (1) from pur- 

■? spactltw and (I) fraa diftersace* la appu.^-t mevam-nd [uovameni gradtoota) in the «- 

J panaioa pattern — laekttKag the portions of the pattern in tea periphery of th* visual /laid. 
_ for example, th* apparent movement of the ground under the aircraft (or a* nearly under 
"» It aa tba pitot can see} rulailr* to the surrounding land la a function of his height, and 

t tha rat* erf increase to this . -lative apparent mowmenl la a function nt hi» rate oi 

~i descant . 
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Figure 12.2. iapaoeion Pattern During Final Approach 


The cero point U the direction of flight 
of the Hire rail . Tim arrows show the 
direction ta which detail* to tbt retinal 
lni|H will mart m the aircraft con- 
tones to approach . (after Andrew*, 

T, G, ,**•*» MXhorta of Psychology) 


Another *tudy 13- J4 make* somewhat the mbv< coo c iuetoMa. It folate out that the 
apparent movement of object* (a the pilot* * viaual field map furnish cue* for bie e a tin a 
tioc of height during landing*. 9 farther Mggpste that the pilot mlcht be able to land 
by them velocity cue* alone. 


How useful the foregoing type of anatysle will be In eoirlng problem* of fifing air- 
craft cannot be determined until more research is done. 
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Estiastlai Tine of Touchdown . Daring the final phase of landing, just before touchdown, the 
pilot probably attempts, consciously or unconsciously, to estimate when his wheels will touch the 
runway; obviously, it is desirable that the -heels make contact at the proper point in the flare out. 

If the pilot thiUa that be is Ughsr thin he actually is/ he will "fly into the ground" before be can 
make a proper round out. If he judges he is lower than he actually is, be will round out too high, 
and then the aircraft will drop the remaining distance to the ground. Even in the so-called "wheel 
landings, " where flyii* speed is maintained until the wheels are in contact with the runway, the 
pilot must judge how far the wheels are from the runway so that be can reach the desired airspeed 
at the time of touchdown. Yet the pilot never looks at his wheels, nor for that matter U« runway 
under him, at any point in the landing. He seems to have bcilt up from past experience an idea of 
how far below him his wheels actually are . Experience in taxiing may help him in this judgment. 
When be judges that his height shove the runway is equal to his height when taxllnc, be expects them 
to make contact. This type of judgment is much the same aa the type an automobile driver makes 
when going through narrow spaces in traffic: he must judge whether his right fenders, which he 
cannot see, will clear the othur cars. A person who can do this skillfully is said to "know his 
edges, •• or, to put it another way, employs the cue of motion parallax succescfuMy. 

Errors in Depth Judgment Vs. 8Ue of Aircraft . In laboratory tests of relative depth judgment, 
the error (in units of distance, not necessarily in percent) increases with the amount at distance 
being judged. It is reasonable to expect that the seam thing is true when a pilot attempts to judge 
his distance above the runway, though in this case the distance judgment is based more on memory 
of previous landings and tavtinga than on actual perception of depth (because he cannot see directly 
below). If this is true, a pilot in a large transport or bomber, 20 feet or more above his wheels, 
will judge Ume of touchdown much more poorly than a fighter pilot seated close to his wheels . It 
seems proh*w» *h»i s. '***& «g under these conditions is more demanding on a pilot's skill and that 
th*-^ is some limit to the height at which cockpits can be set . The data with which to set this limit 
do not seem to be available now. Compensating lor the greater cockpit height is the fact that the 
larger aircraft has greater flexion in the landing gear. 

VISUAL AIDS FOR TAKE-OFF AND LANDING 

Use of Visual Cues in Designing landing Aids 

Before runways can be marked to aid 
the pilot in landing, the designer must know 
what visual cues toe pilot uses in lanaiu^, 
otherwise, the markings may be useless or 
ever, interfere with pilot's ability to 
touch down at the correct point, speed, and 
angle of attack, l ire expansion pattern con- 
cepts described in the foregoing paragraphs 
are not fully developed, but they at least 
give designers a theory to go by in devising 
effective runway markers. Two investi- 
gators 1 2- 25 have worked out the methods 
for developing markers on the expansion 
pattern theory; their methods may be appli- 
cable to other similar flight problems. Their 
basic assumption is that when the eye and 
brain can interpret an expansion pattern in 
more than one way, they will tend to choose 
the simplest. The runway represented in 
Figure 12.3, for example, can be interpreted 
as an irregular trapezoid being approacned 
normally or as a rectangular runway seen 
from a banked aircraft. The latter is, of 
course, the simplest and correct solution. 


Best Available Cop 



Figure 12.3. Is This Figure a Trapezoidal 
Runway Viewed NormaL’y or a Rectangular 
Runway Viewed from a Banked Aircraft? 
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Runway Lights 

At night or when visits lily is poor during the day, the runway boundaries must be marked with 
lights so that the pilot can line up with the runway and land. These boundary- marking lights seem 
to represent the minimum cues that a pilot needs for landing; when no other lights are available tor 
night landings, these lights are expected to supply cues available from other sources of stimulation 
during daytime operations. For example, the position of the long narrow rectangle ol libels repre- 
senting the runway provides a cue as to whether the approach angle of attack Is correct. The 
perspective and amount of foreshortening in the rectangle tells the pilot whether he is at the correc 
height above the ground. If die apparent shape of the rectangle changes from a trapezoid to a lop- 
sided quadrilateral, the pilot knows he is to the right or left of the proper approach path. From a 
study of runway perspective cues, plans have been devised 12- 13 lor a landing simulator based on 
deformations of the apparent shape of the runway. 

A pilot approaching an unfamiliar airport may have trouble judging position by the shape of the 
rectangle outlined by runway lights. For example, after a few landings at one airport, he learns the 
length- to- width ratio for the runway that will show him he ir approaching at the proper glide angle. 

If he goes into a strange airport where the runway is either shorter or wider and attempts to use the 
fft me pe rsp ective cues as before, he will be too high and come in at too steep an angle. Conversely, 
if the runway is longer or narrower, he will come in too low. These difficulties are to be expected 
from the geometry of the situation, and they are confirmed by pilots' experiences, though no experi- 
mental data are available. It can be argued that the runway light pattern should have constant dimen- 
sions for all airports. In fact, various articles 1 *''^ on this ssb<"** hs w e suggested that a standard 
grid system C f lights, -=hish mark of I known Intervals along a runway, should be adopted. 

ft is not clear exactly bow tbe pilot uses the configuration of the runway lights to establish the 
level of the horizontal ground plane on which to land the aircraft. Eye movement records have shown 
that fixation points were confined to a relatively small area straight aheid of the aircraft. On the 
basis of such a finding, one worker^-SO recommended a lighting system that provides a single row 
of lights down the center of the runway. The difficulty here is that. even though the pilot is fixating 
more or less straight ahead, he may require visual cues from either side for landing efficiently. 

Such cues would be picked up in the periphery of his vision — the "corner cf his eye." 

Another workerl2- 18 has suggested that runway lighting problems could be studied better with 
airport lighting simulators than field tests. He also points out that all runway lighting systems, like 
runway markings, should tell the pilot how much of the runway has bee;.' used up and where he should 
turn off on taxiways. 

Contrast Between Runway Lights and Background. A high brightness contrast between runway 
lights and background can give a pilot trouble in landing. The situation is similar to the one in which 
taxi lights are too bright (see Taxiing , below), but probably more serious, because landing is a mare 
difficult and critical. operation than taxiing. When bright runway lights are used on runways whose 
surfaces have low reflectance values, me runway appears as a dark area without substance, a "black 
bole." To partly solve this problem, runway lights have been devised that can be adjusted to r . ly one 
of a logarithmic series of five brightnesses.^-!, 12-7 Thus, the brightness can be set at the .evel 
best suited to atmospheric conditions, time of day, etc. Candle powers required for lights ti be seen 
at different distances through several kinds of atmospheric conditions are given in a study 12- 27 
conducted in 1947. 

Directional runway lights, with fairly sharp cutoffs, have also been devised as a means of 
regulating brightness. Such lights radiate in all directions, but they are most intense in a relatively 
narrow beam. One standard light ’2-8 in current use has two beams, 7x7 degrees in cross section, 
toed in toward the center of the ; j..way. The amount of toe-in determines herw far away a pilot on 
the center line of the runway must be to see each light at maximum intensity; for example, if they 
are toed in considerably, they will not appear bright until he is close to them. The lights are toed 
In less toward the far end of the runway. The beams are also angled upward at a small angle about 
equal to the glide slope of aircraft coming in for a landing. The net result is that when the pilot is 
on the proper glide slope and lined up with the runway, the ughts appear almost equally bright over the 
entire length of the runway. Under the somewhat similar Bartow lighting system, both the ir*«- ~**y 
and the focus of the lights can be adjusted to perform optimally *r. r.-y weather. The details of the sys- 
tem ana the principles behind it are described in a orochureput out by a firm in Milwaukee, Wisconsm.12-9 
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Approach Light System* 

The visual cue* provided bv runway lights slcr.; hiT£ Wen xouna to be inadequate for 
ianriing a when visibility is very poor. A* a consequence, much effort has been spent to perfect a 
system of approach lights extending out beyond the approach end of the runway. One studyi^- a 
describes three situation* where approach lights are required to varying degrees: U) landing 
on a c lear night, when lighting of some sort 1* needed only for establishing the ground pls,ne; 

(2) finding visual cues to make a visual landing after breaking out of an overcast; (3) using the 
appr oach lights only as a check in an instrument approach. The second situation is probably the 
most critical. (See Fig. 12.4.) 



Figure 12.4. ansitionFromllS to Visual Apprnachl2«9 

Any approach li ght system must be aisle to meet two types of visual requirements. First, it 
most supply aU the cues needed to align the aircraft with the runway, to achieve and maintain a 
proper glide path, to aid in mat Gaining or adjusting the attitude of the aircraft, and to make the 
rapid, critical adj\*tments necessary for a safe touchdown. These requirements are usually met by 
the spatial patterning of the light*. Second, the pilot must see the approach light system far racugh 
away, even throt«h fog, haze, and precipitation, so that he can shift from instruments to visual flight 
before he has reached the point whore he can no longer perform precisely enough on instruments.* 
This requirement is us tally met by using intense lights and sometimes monochromatic lights. 

*!* instrument landlr.g systems or GCA can bring a pilot safely all the way to the runway, this 
requirement will obviously be unnecessary. 
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In the United States, at least three approach light systems are recommended as standards and 
more than a dozen systems are in use; some of the latter are elaborate variations of one of the 

recommended standards. 

Different types of .^ht sources are also being tried out. They include flash tubes and neon 
bars, as well as more conventional lights. One hypothesis is that bars supply better cues than point 
sources for est a blishin g orientation relative to the ground plane. 

Approach Light Cogfignutissi. !n a sense, a configuration of approach lights is a symbolic 
display. Ibis means that the pilot must interpret the distortions in the configuration as he sees 
them from his' aircraft before he can act on them. Obviously, the pilot must .enow the actual config- 
uration before he can decide that he has a distorted view of It. The best configuration would of course 
be tLe one that gave the pilot the information he needed with the least amount of interpretation. 

Once such a configuration is agreed on, it can be made standard for all airports. The pilot will no 
longer be confused by not knowing which configuration he is looking at. 

The current problem is to evaluate the various approach light systems now in use. There is 
little experime n tal evidence to determine which is best. Furthermore, as the investigaiorl2-18 h?-s 
pointed out, pilots' opinions are not too helpful, because few have made enough approaches with each 
system to make an unprejudiced ju d g me nt. However, some of the studies available are reviewed in 
the following paragraphs. 


One researcher 1 2-32 evaluated eight approach light systems by studying sets of perspective 
drawings. These drawings show how the light configuration would look to the pilot from twelve 
different situations on the approach. Included are views from an aircraft off course, in a bank, above 
and below the correct glide slope, and on the correct slope with wings level. Also shown is toe con- 
dition where only the outer 1000 feet of the lights can be seen. Figure 12. 5 shows the plan views (biometric 
■Sot the slope line system) and wings- level perspectives forthese eight systems. The researcher also 
provides windshield cutouts to show what portions erf the approach light configuration would be cut off 
by the boundaries of the windshield. He concludes that all the systems considered give adequate 
directional guidance, provided the aircraft is in a wings- level attitude. Those systems with a hori- 
zontal reference provide better directional guidance than those without; in this respect, the slope 
fine system w« the best of alL In addition, the slope line system was the only one that permitted 
the pilot to estimate altitude. It was also reported to be the only one that furnished accurate infor- 
mation as to lateral position with respect to the approach axis regardless of aircraft attitude. But 
referc^el2-15 8in * le center ^ cross bars was recommended as supplying the best attitude 


It must be pointed out that the foregoing conclusions seem to be based on inspection of the 
perspective drawings, not on any experimental data. Further, while the report tells in what qualities 
each system excels, It does not give any information on the relative importance of those qualities 
m operation. 

, .Optical Elusions Doe to Approach and Runway Lights. Several studies!2-3, 12-6, 12-15, 12-30 12-32 
nave pointed up special difficulties or shortcomings common to many approach light systems. 

First, there is the danger of confusing approach and runway lights. Approach lights must he 
mounted fairly clow to the eurfaee of the ground beyond the eod of tifrum^ m«n V 5„ble 
of approach lights joins with tho boundary lights of the runway, pilots have reported confusion as to 
wnere the approach lights stop and the runway begins. The beginning of the runway must be clearly 
betw 1 ’ 6 tlf er by haVing radicaliy different runway and approach lights or by special boundary lights 


... s ® cond * approach light systems should be designed so that they do not give false information 
or illueions^ Three common Illusions are <ia follows: (1) When flying into gradually thickening fog 
;cc * fl h * * choking; to compensate, he descends too low. (2) Under some conditions the 
aircraft seems to be higher when it is in a bank than when its wings are level. (3) The pilot sets the 
imr-ession he is in a ban* when one row of runway lights is brighter than the other. One stirf^2-30 

MtTl w°" rt , lUualon: « single row of lights runs down the left-hand side of the approach 

path the pilot misinterprets the perspective and "corrects" to the right; he ends up too far to the 
right as he crosses the runway threshold. P Iar t0 lJie 
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Figure 12.5. Eight Approach Light Systems 


The perspectives shew the systems ac they -would appear on a 
proper glide slope aivj path, (after Wsrrenl*- 32) 
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Intensity of Approach Lights. The optimum intensity for on approach light system is tnilu- 
enced by several fihtors. Tint of all, the lights should be designed so that &elx lrtetatty may be 
rarled. to suit the weather conditions that exist when the system is being used. When visibility is 
restricted, the lights should be made bright to get as much penetration as possible. However, under 
some conditions, there is an upper brightness limit; in fog, for example, t co-bright approach lights 
turn the whole approach light system into a diffuse "glob" of light. Under any condiaons, the lights 
wf'l glare or ctezzle the pilot if their intensity is above a certain level determined by time of day, 
atm ospheric conditions, and distance and direction from the aircraft. As a pile* apj. '"iches a light 
system, there will be some point at which the lights come into view. As he approaches ckeer, the 
li ghts will tend to glare. The ideal is to have as great a range between the point of visibility and the 
point of glare as possible. Investigators have worked out ths relationship between visibility and 
glare for different conditions of atmospheric interference and for day and night conditions. Their 
report!2-22 recommends intensity settings for the standard 250-watt bulb for difierent horizontal 
visibilities. It also recommends improvements in the design of slope-line approach light systems. 


Attempts are being made 12 - 7 to construct a device that will (1) automatically measure visi- 
bility at uie end of the runway and (2) adjust the intensity of the approach lights in such a manner as 
to reduce glare while maintaining as much penetration as possible. 


Runway Markings 

When daytime visibility is low but over-all illumination is relatively high, a runway marking 
system can be expected to aid the pilot in landing his aircraft. Such a marking system should be 
designed to show the direction of the runway clearly, so that the pilot can align his aircraft with it. 
Marking systems may also be designed to show the pilot where he is on the runway after landing, 

L e. , how much of the runway ha« been used up. Three studies show the type of work that has been 
done In this area. 

Chevron Systems. One team of investigators 12- 26 first attempted to find the best shape for a 
runway marking. They sought one that would (1) have directional qualities and (2) be visible the 
greatest distance under adverse visibility conditions. They used markings painted on a moving belt, 
which they viewed through ground glass to simulate fog. Of the nine markings tried out, a chevron- 
type mark turned out to have the greatest "recognition distance." 

In afollow-up studjjl2-20 chevrons were tried out on runways oriented so that those on either end 
pointed toward the middle. In addition, chevrons were grouped in varying numbers to give an indi- 
r ition of how far each group was from the end of the runway. For example, on a 7000-foot runway, 
three chevrons were grouped near each end of the runway pointing toward the middle. A thousand feet 
from each group of three chevrons was a group of two; 1000 feet each side of the middle were single 
chevrons; and for runways that the same number of chevron^ it each end, a bar wns located at the 
middle. Figure 12.6 shows half of such a runway. 



EDGE OF 

PUNWAY 


Figure 12.6. Chevrons Marking Runway Iptervals^and Aiding Pilot to Line Up With 

Runway (Gerathewohl 1 * -1 ®) 

Laboratory studies and High, checks indicated that the best chevrons were 12 feet wide, had 
100- foot arms forming a 30-degree angfe. and were made of black material with a yellow border. 

It was feared that the cnevrons would create "roof pe*V illusions ’—* flight checks shaved that th®y 
did not. The authors suggested that the same system might be adapted to night landings by using 
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transllluminated panels set into the runway. Such a system could be expected to provide a larger 
Illuminated surface on which to land than conventional runway boundary lights. Being large, its 
brightness could be kept low, thus providing a "flat" rather than "contrasting" type of illumination. 

Mirror Landing Systems. A mirror landing system has been developed as a visual aid to 
pilots attempting to establish the proper glide angle on an approach. 1 ^- 4 The system operates so 
that the pilot sees a light reflected from a mirror at one side oi the runway. When the light is in the 
center of the mirror, the pilot is approaching at the proper angle; vertical and horizontal rows of 
lights parallel to the center lines of the mirror show him whether he is holding the reflected light 
from the mirror in the proper position. The device was first developed by the British to perform 
the same function as an L8Q (the officer who flags aircraft in) during a carrier landing. The device, 
which might be useful in non-carrier landings also, is now being studied and developed further by 
several agencies. 

Mirrors have also been studied to aid the pilot in establishing and maintaining the proper 
climbing attitude following take-off. (This is of particular importance for catapult take-offs.) The 
Naval Air Test Center examined the use of windshield markings in conjunction with a mirror. 1 2- 5 
The mirror was used to aid the pilot in finding and maintaining the proper eye Level position. The 
position of the mark on the windshield relative to the eye level was computed on the basis of aero- 
dynamic considerations. However, tryouts with this system disclosed that neither forward nor side 
markings on the canopy were of assistance, because the pilots could not maintain the proper eye 
level position. In addition, it was pointed out that the device could not be used where the horizon 
was not visible or was indistinct. 

Taxiing 

A pilot has two chief problems while taxiing an aircraft. The first is to be sure that all parts 
of the aircraft clear ground obstacles and other aircraft The second is to be able to find his way 
around the airport to ula parking place or to the take-off positions at the end of the runways. Both 
of these problems can be relieved by removing restrictions to visibility or keeping them at a 
minimum. 

During the day, the chief problem is obstructions to the pilot's vision. Either he must have an 
unobstructed view from the cockpit, or obstructions must be taken into account in taxiing procedures 
and airport design. In most tailwheeled aircraft, forward visibility is poor during taxiing; generally 
the pilot must lr<ok at objects close at hand through his side panels. Slrce it is often impractical to 
redesign aircraft to improve this feature, efforts should be made to keep the taxiways clear of ob- 
structions and to put signs and other markings where the pilot car. see then easily through his 
side panels. 

Accidents involving misjudgement of wing tip clearance are less serious than heau-on collisions, 
but they occur more frequently. In judging the clearance between wing tips and obstacles, the error 
tends to be proportional to wing length (just as errors in judging height above the runway tend to 
increase with the height of the pilot above the wheels). Ibis means that for aircraft with very long 
wings, the pilot must allow for a larger margin of safety. As a consequence, ramp space must be 
provided to insure wing tip clearance that could otherwise be used for other purposes. However, 
when markers on which to align the wheels are painted on the ramp, space can be saved; since the 
wheels are closer to the pilot than the wing tips, the error of judgment is smaller, and less space 
need be set aside to allow for a margin of safety. 


Illuminating Taxiwa y. Taxiing at night or during poor daytime visibility presents a variety 
of visual problems, most of them having to do with illumination. Three kinds of lighting are em- 
ployed to make taxiing at night safer. The first is the use of taxiway and obstruction lights. Differ- 
ent colors are usually used for marking taxiways or obstructions. These lights should be placed 
so that they can be seen through the windshield. In addition, they should be spaced close enough 
together so that there Is no ambiguity as to the shape of the area or object that they outline. 

A second type of Illumination is floodlighting. Floodlights usually provide good visibility in 
the area illumii-..„u b«-t tend to destruy dark adaptation. They also make it very difficult to see 
objects outside the illuminated ares. 
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The thiro method of illumination is by mean a of aircraft taxi lights, which are attached to the 
aircraft and shine ahead. Close objects are most brightly illuminated; glare is often produced, 
pa rtic ula rly when bright landing lights are also used as taxi lights. Unless taxi lights arc adjustable 
or are attached to the steerable nose wheel, they illuminate the area straight ahead of the aircraft. 
During turns, the area toward which the aircraft is turning will thus be in darkness. When aircraft 
have taxi lights, reflectors can be used to mark taxiwayc. 

An evaluation of one experimenter's taxi light 12-2 resulted in the following recommendations: 

1. Taxi lights mounted on the nose wheel are useful for taxiing in unlighted areas. 

2. Using taxi lights intermittently, to keep them from overheating, is not safe. 

3. Taxi lights that sweep across the tari area at adjustable frequencies were found to be un- 
satisfactory at any speed. 

4. There is probably an optimum ratio of brightness to beam width for taxi lights, but it has 
not yet been determined. 

With all three methods of illumination, the chief problem is to prevent too high a brightness 
contrast. For example, the space between bright taxi-way lights is a black area devoid of detail or 
texture; the pilot can only guess what is in such areas. When the brightness of these lights Is re- 
duced, the texture of the area between the lights can be made out, and the pilot becomes confident 
that he can taxi safely over this surface. Similarly, flood lights produce black shadows. The goal 
of night illumination should be to light the taxiing area as uniformly as sunlight, even though the 
ilhimiration is at a lower level. One difficulty is that the lights themselves must be very bright if 
the objects in their beams are to be visible at all; and,when these lights get into the visual field, 
they tend to raise the threshold to such a level that the pilot cannot see into the darker areas. 

Another difficulty is that marker lights must be bright enough to be seen under bad atmospheric 
condition* and at some distance. When bright enough for these purposes, they will be too bright 
when the aircraft is taxiing close to the lights. However, these difficulties are not critical. The 
future development of lighting should probably be directed toward supplying more uniform illumi- 
nation, such as can be achieved with trauafltanlnattos. 

Visual Aids for Maintaining Orientation While Taxiing. Visual aids such as signs, markers, 
and maps of the runways and taxiways are most helpful in establishing and maintaining orientation in 
the airport. Obviously, letters ind numerals should be of size, type face, color, brightness, etc., for 
beet readability. In addition, sign* rfsoow b* located sc that they may be seen easily from the cock- 
pit. For example, a sign with small letter is difficult to read when positioned so that the plane of 
the sign Is perpendicular to the axis of the taxiway. At a distance, it is too far away to read or is blocked 
oat by the noee. As the aircraft gets closer, the angle at which it is viewed through the cockpit side 
panels becomes more oblique; it is still difficult to read. By placing the sign so that it is viewed 
perpendicular from the position at which it is intended to be read and using type of the design and 
size most appropriate for this distance, these difficulties can be overcome. 

Runway direction and directions from one ares tc another in an airport are defined in compass 
directions. It is therefore helpful to have signs or markings showing the direction of north and other 
cardinal compass points. 
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CHAPTER 13 


FACTORS INFLUENCING VISION WITHIN THE AIRCRAFT 


The discussion of visual flight presents problems that are quite different from those for in- 
strument flight. The reasons for this are significant. The history of visual flight is much longer than 
that of instrument flight. Conseqrer‘ly, we have available more accounts of problems arising during 
various phases of visual flight. Instrument development nas, oi necessity, been so rapid that there nas 
rarely beer, time for evaluating a particular device before it was obsolete. As a result, this chapter 
on instrument flight will seem to contain more detailed information on various aspects of the internal 
environment of the aircraft than that describing the design rules for future developments. 

At the time of writing, it is conceivable ui. t we are in a period of transition from visual flight 
to increasingly greater dependence on instrument flight. What is perhaps of concern is that we do not 
know the answers to some of the current problems. We cannot even visualize all of the problems which 
will be facing the aircraft designer in the near future. Consequently, the emphasis of this chapter is 
on factors which affect the efficiency with which the pilot can get information from the internal en- 
vironment of the aircraft. Some of these factors are: the way in which each instrument has been de- 
signed, the way the instruments are arranged in the cockpit, and the way the cockpit is illuminated. 

DESIGN OF FLIGHT INSTRUMENTS 

This discussion includes some of the psychological and visual factors that should be considered 
in the design of cockpit instruments and for the most part, this discussion is concerned with mechanical 
indicators in which there is movement of an indicating element; examples are the altimeter, the air- 
speed indicator, and the radio magnetic indicator. Some considerations are also given to radarscope 
presentations, although the major discussion of these displays is found in Chapter 15. 

The modern aircraft cockpit contains an array of dials for instrument flight and navigation, 
power plant control, and monitoring of radio and other accessory equipment. Most of these instru- 
ments are classified as symbolic displays (see Fig. 13.1); they present an abstract representation 
of existing conditions by means of pointers and scales, or signal lights. Other cockpit instruments 
are classified as pictorial displays ; they present a simplified simulation of the actual visual pic- 
ture. Such indicators, best exemplified by the artificial horizon, are principally used to display 
information concerning spatial position . 


Much research has been devoted to discovering the optimum design characteristics ox symbolic 
displays for fast and precise *«terpretation. Such aspects as the size and design of scales, markings, 
pointers, letters, and numerals have been summarized in a number of publications!3-3, 13-5,13- 14 
and are not reviewed here. The cere here io mut . c ^ . . .e mci tu Oj. symouuc anu pictorial 

displays for flight control and navigation, the 
princ»p’.es of pictorial display, and the integration 
and combination of interdependent information. 


General Considerations 

There is widespread agreement, supported 
by experimental evidence, 13-10 that instrument 
flight is considerably more difficult and demand- 
ing of the pilot than visual flight. In visual flight, 
most of the information required for controlling the 
flight of the aircraft can be obtained from the sur- 
rounding visual environment. In a diving turn, for 
example, the pilot sees a fitted visual field to show 
bank, the aircraft nose below horizon to ohow pitch, 
the movement of horizon and ground object* i j .ihow 
direction and rate of turn, and the Increase in size of 
ground objects to show altitude change. It is true, 
however, that contact cues are deficient in 
some respects; several instruments are 


PICTORIAL. SYMBOLIC 




Figure 13.1 Basic Types of 
Flight Instruments 
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needed to main, .n U.e accuracy repaired for flight Visual flight might weU be termed partial 
instrument flight, since it requires at least an airspeed indicator, altimeter, and some form ot 
compass, in addition to ground reference. 

In instrument flight, information concerning the attitude and position of the aircraft is presented 
as separate and discrete bits of information on the various indicators. This is probably the most 
important difference between visual and instrument flight. Adequate control of the aircraft under 
Instrument conditions requires the pilot to integrate the information from all the critical instruments 
to determine what the aircraft is doing or is about to do. A changed indication on one Instrument 
must be immediately and automatically associated with the corresponding changes on other instruments. 
If such an Litegrated conception is not achieved, the pilot is apt to "chaBe the dials;’ to scan one by 
one with a numb er of different aspects of the total situation In mind. As a result, there is a lack of 
precision; fluctuation occurs in the flight path due to over and under correction. 13-6 Thus, the pilot 
must handle a heavy information load in instrument flight. 

Current instrument designs tend to increase the load on the pilot. Each instrument has been 
desired with little regard for the integration of the information it displays with the bits of information 
displayed by the other instruments on the panel. Although mucn effort has gone into improving the 
reridabillty of individual instruments, the instruments are not complementary to each other. As a 
result, the pilot frequently must change his mental frame of reference to orientate ^himself to the 
particular display arrangement he is trying to interpret. As one investigator 13-*.* has pointed out, 
"designing displays on an individual Instrument basis can result in unnecessary burdening of the pilot 
by subjecting him to built-in sources of confusion in the cockpit!' Some cited examples of possible 
sources of confusion are as follows: 

1. Both the ID-250 RMI and a moving- pointer heading indicator have a compass rose and a 
pointer. On one the card is fixed, while on the other it moves. In one case, the pilot flies away 
from the pointer; in the other, he flies toward the pointer. The pointers are sensed oppositely for 
orientation purposes, since one is an aircraft reference display while the other is an earth reference 
display. The pilot is required to change his frame of reference when switching from one to the other. 

2. Meat panel instruments employ Circular scales and a moving pointer element. The zero 
reference point may itart at any position around the clock depending upon whether it is an altimeter , 
rate-of-climb, exhaust temperature, fuel flow, etc. Graduations vary from indicator to indicator, 
with some of the graduations being nonlinear. 

Another way of evaluating current instruments is to exs ine them in terms of display -control 
relationships. In u»e final analysis, the information displayed ou ‘he instruments is used by the 
pilot in control) Jog the aircraft to follow a course, hold an attitude, make a power setting, etc . 

One study 13 -20 has rented out that, in order to do so, the pilot must receive information which 
tells him: 

(1) When to move the controls 

(2) Which control or controls to move 

(3) Which direction to make the Lavements 

( 4 ) How much to move 

(5) How long to move 

This study also points out that one measure of the adequacy of a display is whether it provides 
information covering all five dimensions of control movement. A second measure is the number of 
intermediate variables which must be reckoned with, in using the instrument indication. The 
following are examples of ambiguous presentations of some instruments: 13-21 

1. When flying inbound, on the ID-249 cross pointer, the pilot must remember that he flies 
toward the needles. When flying outbound, he flies away from the needles. 

2. On the heading indicator and other fixed-scale indicators, pointer motion in terms of control 
action is reversed in the 180 degree sector. In the top half of the dial, a turn to the right results in 
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pointer movement to the right, while in the lower half the pointer appear* to move to the left, 

8ucli shortcomings u da scribed above are relatively ieu critical In pilot In* alrrrsft travelling 
at relatival- alow epeeae . out tae ata'icvity w the pilol'a teak U lncreeoed aa aircraft performance 
pw a up- Inc reseed aircraft performance Impoeea mere of a time stress In observing and Interpret- 
ing iMtrutMRt lad cation*, and la planning end dec let on -making. In addition, increeeed performance 
capability requires the pilot to fly inure precisely; at the earn* time, reduct Iona ta to* number of 
crew membera but addltlona to tha number of crew funettona have added to the Job compI*.--tty . 


Thor* la widespread agreement that tha expected advance# In aircraft perfo. man;* trill aocn 
make It Impose ible for tha mman operator to respond to Information wroirnted T* current instruments 
so aa to maneuver the aircraft adequately to fulfill 11a mission. A great (leal of work has been 
devoted to improving present instruments as an interim solution, as well as to providing new concepts 
and display systems. In addition to the electronic and engineering advances upon which these 
developments ere based, applied research on visual display* has also progressed. Some current 
approevches to the eolutton of the problem are reviewed here. Heeearch concerned with Improvement 
of standard Instruments ta presented below, followed by a discussion of more radical Innovations in 
display system design. 

Improvement of Standard Plight Instruments 

Of the Altitude Indicator . The r-„,vent tonal altimeter and similar multiple- pointer 
instruments hs** faisd to bs very difficult So read. Tlw uiftirwity *riw.* fmn, «•»» r»»« *v» 

reaniage ta liirtL- sspsuraie pointer* <»i the altimeter must bu combined ta order to read out the 
desired information. A study of instrument reading errors resulting in near accidents and n™. 
»sUi ifililnu found more reading errors of the altimeter than with any other single instrument. 

The moet f request error ms that flf rs Ming ihz coarse gal s tadtaaitaa {ihsqa an d- or Uss -lh^ts sai 
foot *c*l*) to the nearest number, rather {haa w the correct next lowest nut^Mf. The pitot therefore 
thinks h* has a thousand feet or more of altitude than ta actually IS* case, The fell r?rSr=.!£ritS5 ta' 
u» situation ta demonstrated by the results of a laboratory experiment M-IS In which It was found 
that expsi taoced Air Fores pilots required 7, 1 seconds to read til tares bands of Dae Instrument, 
with 11. 7 percent of their readings in srror by 1000 feet or more. 

Tide study, conducted in 1047, compared tha standard Instrument with a number of alternative 
design*. Performance on the stamUrU Instrument and a counter- pointer design very similar to that 
first Installed in production aircraft ta 1934 in shown ta Figure IS. 1 A very long vertical scale 
moving behind a window and a repenting vertical male were also found to be nasy to read 
auastUstirsiy, but were judged lean desirable for cneek-reaaing and rate-obeervlng than a moving 
pointer. When quantitative data are the only c call deration, ss is the for Uitr navigator, the 
results showed that a counter -type altimeter is best. 

Sarth Reference vs. Alrrraft References In Flight ’•'elruaent* 

ft fa pointed out above that a pUot la often called upon to adopt a particular frame of reference 
la Interpreting no tualnimum in d i cati on . In the cnee of tantrums ula embodying pictorial ele m e nt s to 
re p rew w nt the alrcrift'a poelUcn la space (artificial horlaon, 1U croaa pointer, bending Indicator «, 
nod experimental navigational displays), there ore two different frame* a.' -wferencea which Ety be 
employed. 


Karta Reference. An carta reference display (see Fig. 13. 3) la design*! h, -imutau what the 
pum mkm wai M la Inside the aircraft looking out at the world. The iflaptay doe* hot show the 
aircraft movements, but rather the change ta tha outside world that tbs pilot wnua see as * result 
of the aircraft, movements, the*, ta the standard artificial horlaon the miniature airplane ta 
stationary while ta* horlaon bar moves to eJouiUta the actual horlaon (*** Fig. IS, !). Tfcta type of 
dtaptay ta algo called as "tastas-oaf* display. It is also called a "fly-to*' indicator, etace a 
oevlaUcMi from straight and level ta oorrected by flying toward the moving element or horlaon bar. 

Aircraft Rf fer egge. The aircraft reference Indicator (*** Fig, IS. 3) is the alternative frame 
of reference ftsT ta'enipfnym. Tbta type of display, also called an ”outald*-la H (heyday, sim ul ate s 
what the pitot 'mould Me if outside t'_„ looking at the aircraft and the earth, to tom raa*. taw mint 


(see Fig. 13. 3) la designed in •nmetata what the 



l oofc a from a stationary vantage point (the earth), and the miniature airplane moves relative tn the 
fixed environment This is also called a "fly-from" indication, since the pilot flies from the 
Indicating element to neutralise a: deviation. 


three POINTERS COUNTER-POINTER 




vertical scales 


900 — 


23000 -r 

800 -E 


22300 -E 



22300 

^600^ 


22700 'E: 

500 ~ 


22300 EE 

400 -£ 


22300 EE 


COUNTER 



PERCENT ERRORS 

OF I.OCO FT. OR 11.7 Q7 0.3 1.3 04 

MORE 


•ITERPRETWnON 
TIME IN SECONOS 


1.7 


2.3 


1 .7 0.0 


Figure 13. 2 Study in Altimeter Scales (from Grether 13-12 ) 

It is apparent that the essential difference between the two types of reference indication Is in 
terms of what the primary moving part of the display represents. In an earth reference display, 
the s tation a r y portion of the display renre seats the aircraft; the pilot's control actions result in a 
reciprocal change of the moving part that represents some aspect of the stable external world. 
However, in an aircraft reference display, the moving dement represents the aircraft, which changes 
in direct response to the control actions. 


A number of experiments cave demonstrated that there is a tendency to interpret the movement 
of an indicator zs representing the movement of the aircraft. In the case of the standard artificial 
horizon, the pilot may respond to horizon bar movement as though it represented aircraft movement 
rather than the horizon. The result is that his control responses are reversed from what they should 
be in order to return the aircraft to the desired attitude. Several experiments 13-7, 1S-8, 13-17 
have shown that for subjects without previous instrument training, performance is better when using 
an instrument in which the airplane silhouette and not the horizon bar is i he moving element. 
Moreover, an in-flight study 13-10 employing Air Force pilots with instrument experience showed 
that 7. 5 percent initial reversal errors were made in recovering to straight end level flight employing 
the standard horizon. This demonstrates that such errors are not restricted ».> inexperienced 
personnel. A similar percentage of reversal errors found in a laboratory test 13-11 employing 
Air Force niLAs with considerable instrument experience reinforces the conclusion that the standard 
earth-reference instrument may not be the best design for attitude indication. 

A number of experiments with other instruments Indicate the general superiority of the 
aircraft-reference type of display. A lfJboratory experiment 13-17 on local* zer-gllde path approach 
indicator design demonstrated that inexperienced subjects tested in a ground trainer ar« better ahie 
centered with a display in which the cross pointers represent the position of the 
aircraft th?n the earth. Another laboratory f*st 13-20 with experienced pilots shored that 
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ripUflcMtt y fewer errors were made in solving typical navigation problems with a station-centered 
aircraft-reference display than with earth-reference ^splays in which ih& airerai* symbol is 
stationa-TT and the station symbol moves. Results favoring the inside-out principle have been 
reported 1 * -18 for director-type interceptor steering displays. 

The airplane-reference principle her net been firmly estabusned as superior for all eight 
Instrume n ts. Experimental evidence is generally in favor of this type oi display as easier to learn, 
to use, and to interpret . The explanation of this superiority, as advanced in the above report, is 
that. '*a pilot when flying contact perceives his airplane as moving against a fixed, stable outside 
world, g to world movei,ha' teas vertigo . Apparently this same natural relationship should be 
preserved in the cockpit, dearly the movement of a display index is its most compelling stimulus 
property and therefore it should represent the movement of the airplane against a fixed index repre- 
eenting the outside world.*' Many pilots prefer the earth- reference type of indicator. It should be 
pointed out that the current gyro horizon, the HAS cross pointer, the flight path computer (aero 
reader), and the omnirange instruments are of the earth-reference type. The apparent reluctance 
to incorporate new experimental findings Into the design of new instruments lies in the fear flat 
8«cha change would cause dif ficu lties for presently-trained pilots accustomed to current instru- 
ments. However, the report reveals that test pilots highly trained on a director -type steering 
display employing the earth-reference principle sherw-d almost 100 percent transfer of training 
in switching to an experimental aircraft-reference display. Thus, it would appear that experienced 
pilots might have little di ffi culty transferring to an improved display design, but might have trouble 
transferring back and forth between old nnri new instrument designs 

An important consideration is that It is hazardous to mix aircraft- reference and eartb- 
rafere nce displays in a single instrument system so as to lead to built-in sources of confusion 
between alternative frames of reference . On the other hand, experienced pilots generally prefer 
the earth-reference type of instrument to tbs airplane-reference type ■ With the earth- reference 
type he is able to associate, from visual, vestibular, and gravitational cues, the movement of the 
fifed portion of the altitude indicator with bis aircraft. With the airplane- reference type he can- 
not perform this natural association because the little airplane's rate of altitude change Is twice 
teat of the real aircraft. This may be the real reason that pilots dislike the airplane -reference 
type and not the fact that. they were not trained with it. The presence of what has been regarded 
m experimental evidence that the airplane-refereece type is better may be due to the fact that 
these vestibular and gravitational cues are negligible or absent in experimentation using simulators . 

Combining Several todi cations in a Single Instrument 


na 01 re<faci *5 -** number of instruments crowding a panel is to present several 

kids of information in a single instrument. While saving panel space is a valuable goal, the 
ma,or Justification for the combination of several indications is that tbsir joint presentation allows 
the operator to fixate the ixmtrument more readily than if presented by^ 
instruments. On the other hand, interpretation time is prolonged. 


Ah - ^ been for many years is one combining the directional 

gyro aM artl “ .amenuons ior presenting pitch, bank, and azimuth information in a 

single display, A three-axis indicator giving attitude and heading throughout all -attitude maneu- 
vers Is under development by the Air Force. 13 -21 A successful design of this type should prove 
of great value . Studies of eye movements under Instrument flight conditions indicate that approxi- 
mately 50 percent of the pilot's time is spent looking at the horizon and gyrb-ce^mass and that 
the greatest number of eye movements are between these two instruments. 


An -sample of a combined instrument is the redesigned airspeed indicator for high perform- 
SU1Ce at m f y iR 0x5 lndlcated airspeed and Mach numbers are combined. This deoign does 
a *f. y of readin 8 airspeed in knots from one Indicator at Slow speeds and iben 

switching uj another indicator for the Mach number at high speeds. 

Another example of the combined Instrument is the Bendix Flight Director System 13 - 1 in 
which two instruments replace four or more standard Instruments . The night Path Indicator In this 
system ^ a pla n position indicator that combines compass heading, omni-bonriag selection, lecaL 
1 °. VOR lndl . catlor! ' and i & nde 8lt I> 3 indication . » is designed to replace the gyro-ccmrasi, 

ornn.-ocann* elector, and m c «cr. me- second instrument in the system indicate.? aircraft 
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attitude lu a conventional earth-reference display as well as steering commands, supplied by an 
associated computer, for localizer, range, and glide slope operations. 


A study conducted in ISM 1 ?* 5 lists the ID- 
MS cross pointer indies tar (see Tig. 13.4) as 

illustrating another desirable type of combination. 

Here a Dointsr as mm~* SS S SSiiSf Tusniwe for 
alignment of a second pointer- TMstype of com- 
binstioo is most agptteihfe when one indication is 
the flnt dnii^af dsoite.'i tM ID-249 indi- 
cator the locaflser needle stows tbs aircraft po*<- 
tion relative to the radio b8a»>*hite the relative 
beading pointer Indicates the rate (first derivative) 
at whfcfcths aircraft approa dtos ten dssirsd flight 
path, tttet relattveheadlnglafflcator ls kept 
aligned vtte thsldeallser needle, tee aircraft ap- 
proaches the desired track on an asymptotic path 
Matching the pointer positions is an easier cask 
than integrating two readings presented on separate 
indicators. The study points out that the success 
of such a combination depends upon a proper move - 
ment ratio between the two indicated vaibes which 
must be determined for each application. 
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Figure 13.4 The ID-249 Cross- 
Pointer Indicator 


The number of combined instrument designs has increased in the last few years and will very 
probably continue to do so as the increasing complexity of airborne equipment and ground control 
Information put an additional premium on panel space . Job analyses at the pilots' tasks, eye move- 
ment studies, and concerning the forms of information presentation which are most easily and 
efficiently interpreted ess all contribute to this development. In each case, however, the challenge 
will be that of integrating several indications within a small area without making the interpretation 
of the desired information more difficult. 


The combining of several types of information without regard for their essential and function^ • 
relationships will usually add to the difficulty of the operator's task. An example of an unsuccessful 
combination is me ID-314 "pin ball" indicator, a three-inch display with the capability of presenting 
20 bite of information transmitted from the ground. Heading and attitude command Information were 
combined with bombing, strafing, and other command information. One study 13-21 reports that most 
of these indicators are disconnected in operational aircraft. The greatest probability of success in 
combining information lies in choosing information closely interrelated in use or function, and com- 
bining it In a complementary form to allow their relationships to be more easily interpreted. 

Integrated Instrument Display Systems 

Our discussion thus far has been concerned with the improvement of existing instruments and 
the development of individual instruments tor use in conventional panel display systems . In addition 
to these efforts, there are several research and development programs underway at the present 
time in which the design of the entire instrument panel Is being developed on an integrated basis. 

In each case, visual communication requirements for flight control have been analyzed for a com- 
plete panel, rather than for an indlvidt il instrument . These developments are endeavoring to: 

(1) Present related information in a single, unequivocal frame of reference for easier interpreta- 

bllity 

(2) Combine related functions in a single display wherever possible 

(3) Eliminate redundant instrumentation 

These thn* golds are being investigated by a Joint ONR-BuAer-Army instrument development pro- 
gram, a aUmil/.r Air Force program under the direction of the Flight Control- Display Integrating 
Working Group ax ti*> Wright Air Development Center, and the instrument development program 
undertaken by the Hughes Aircraft Company . Two of the programs from which some information is 
available^-*, 13-15,13-16, 13-21 described below. It should be emphasized that these proposed 
instrument display systems have not yet been adequately tested and evaluated. They are presented 
here for two reasons. First, Ury represent new approaches to instrument design, illustrating the 
ci~.uges In cockpit design that can be expected in the near future. Secondly, they employ very dif- 
ferent techniques for reducing the multiplicity end complexity of panel displays. 

The Joint OKI*.- BuAer- Army long-range p**oftraml3-2 jg expected to result in an instrument 
parol consisting of only two bwOc instruments instead of the 30 or more now in uoe. 






Both would be cathode- ray tubes. One display 
would be semi-circular in shape and mounted 
vertically in front of the pilot as shown cm Figure 
13 . 5. It would use a flat transparent cathode- ray 
tube employing electrostatic principles to excite 
a phosphor screen sandwiched between glass plates. 
Its transparency would permit the pilot to see 
through the tube during visual flight. The second 
display, also a flat cathode- ray tube, would be 
mounted horizontally just inside the cockpit rim. 

- ^ 

The vertical display would be, essentially, a 
"forward- looking" display in which attitude, speed, 
and altitude of tW aircraft would be shown to- 
gether with a representation of physical obstacles 
such as mountains. It would be a pictorial display, 
simulating the visual world that the pilot would 
see if he were flying in clear weather. Visual 
cues employed in visual flight would be presented 
as flight information In the integrated display. 
However, a pictorial display designed to take 
advantage of the pilot’s experience in looking out 



Figure 13.5 Mock-up of Aircraft Cockpit 
With Two Basic Cathode-Ray 
Tube Instruments 


Both vertical display and circular dis- 
play are flat TV tubes. Pilot heads stick 
in right hand and throttle in left, (see 
Alshei and Lazo*3~ 4 ) 


at the world In visual night need not closely simulate visual flight conditions. It can be based instead 
on an abstract representation of the visual cues determined to be required for visual flight. 

The horizontal display would also be a pictorial display, showing broad physical features of the 
earth below in a form cimilar to a radar map. This would be a "downward-looking" display encom- 
passing the information required for navigation and traffic control. 


Other necessary information, including quantitative data for navigation, fuelt ontrol, and power 
settings, will either beshown by calibrations around the cathode- ray tube rims or displayed within the 
two screens. Six switches would be used to select the information required for specific flight phases. 

The Air Force program at WADCl3-15,13-16,13-21 ^ based on an instrument panel design 
effort in which cockpit displays will be tailored to the specific mission of the aircraft However, 
many of the instruments which make up the integrated display will be utilized in aU types of air- 
craft. The proposed panel described below is for use in fighter-bomber types. 

In analyzing instrument panel display requirements, cockpit instruments have been broken 
down into the following three general categories: 


. "forward-looking" displays — these include such indications as attitude, altitude, rate of 
climb, airspeed, g- load, Mach number, glide slope displacement, and director steering signals. 


2. "Downward-looking” displays — these include indications of heading, bearing, position 
relative to destination, target, and radio aids. 


3. Power plant displays -- these include indications of rpm, thrust, temperature, oil 
pressure, optimum cruise settings, and fuel management data. 

Let us examine first the configuration of "forward- looking" displays shown In Figure 13.6. In 
the center of the panel Is a redesigned attitude indicator, which integrates pitch and roll information with 
n ieht director pitch and turn -deertrur Indication... FllffM director command indication. e„„ be p.nd f„r 

»n mission phas«s, ineluding tsknoff, climb, cruise, weapon delivery, return to Imsn, approach and 
landing. Thedesigr. deludes needle and ball indications atthe base of the Instrument. Although 
several alternative config uratlons are being investigated, all employ the earth- reference display principU 

The altitude, rat e-of- climb, airspeed, and Mach number displays represent a radical chance 
m instrument configurations; they employ straight vertical scales rather than conventional circular 
scales The altitude, airspeed, andMachmimberdiaplays employ movlngtajms. thereby permitting ex- 
pansion of the *jcale. Broken heavy white bars at themiddleof each instrument servers pointers indl- 
■ pr,fUii ' ."‘T/ormancc. Command values, which can be aet in manually or remotely, are shown by 
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heavy white center markers. The raie-of- climb indicator employs a moving pointer for rates up to 
2000 ii/min; higher rates are shown by a moving tape in windows at the top or bottom ox the scale. 
Other contemplated designs employing the same rectangular configuration would also provide terrain 
clearance and cabin pressure information, altitude steering signals, and angle of attack and g-load 
indications. 
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Figure 13. 6 USAF Integrated Cockpit Display, Showing Mccb up of 
Pitch- Bank Axis Portion ("Forward Look") (after Klass 13-15) 

The "forward-looking*' portion of the panel is planned to provide a single frame of reference in 
intefparting instrument indications by providing a common center line that extends across all 
instruments in the row (see Fig. 13. 6). When the aircraft goes into a climb, for example, changes in 
all the rate and displacement indications (displayed side by side) are consistently related to toe center 
reference line and to the pilot's control movement Insofar as possible, seal? displacements are in 
a tingle direction. Not? also that actual performance data and desired performance values are 
displayed so that toe pilot does not have to remember specific values. Instead, he flies the aircraft 
so as to keep toe indices aligned across the reference line. 

Navigation information forme. Iy displayed on half a dozen instruments has been iniegraleu into 
a single "downward-looking" display (see Tig. 13. 7). The display essentially combines therotating- 
card presentation of the radio magnetic indicator with the vertical pointer of the ID-249 cross pointer 
indicator. Analysts showed that ail navigational information requirements can be treated either as 
a displacement from a desired course or as a bearing relative to a fixed or moving known position. 

On this basis it was possible to develop a single display or. whiCu «m*j Ha vacation taSk CGuld be 
presented as a triangulation problem. 

Operation of the "downward- looking" display can be illustrated in terms of an instrument 
landing approach problem . The white course bar moves to show the position of the ILS localizer 
beam relative to the aircraft, which is shown as a stationary miniature at the center of the display. 

A* the aircraft approaches the localizer beam, the white bar moves down toward the aircraft symbol, 
andthon it iinetMip along the fore- aft axis ofthe aircraft symbol when the airplane is cn the beam. Lateral 
displacement of the aircraft from the beam will then result In a movement ofthe bar to the right or icit. 
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Note that the display principle employed in this instrument is consistent with that of the 
attitude Indicator, in that they both employ the earth- reference principle. 

Figure 18.8 shows the position of the "downward- looking" navigation display relative to the 
"forward-looking" display. This arrangement is planned to give a vertical line relationship passing 
from the fore-aft axis of the miniature airplane and RMI indication up through the needle and ball 
indication and the turn- steering pointer on the attitude indicator. Power plant displays (not shown 
here) will in most. cases be rectangular, moving scale displays employing the horizontal reference 
line techniqu^ to facilitate check- reading. 

We can now the differences in fundamental approach to the problem of integrated 

instrument system design exemplified in the two experimental programs described. The joint 
ONR-BuAer-Army effort is an attempt to produce a predominantly piciofial display, synthetically 
reproducing the visual cuee of major importance for adequate aircraft control under visual flight 
conditions. Symbolic elfe&ents or indications are kept to a minimum. They are employed only 
where the more "natural* cues are judged to be inadequate or impossible to display pictorially. 

The result is two basic displays in which must of the information is displayed in terms of a single, 
"natural" frame of reference. 
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Figure 13.7 New USAF Downward - 
Looking Instrument. Note the Large 
Amount of Information it Displays, 
(afto*- Klas»l3-16) 


The proposed Air Force display system, 
on the other hand, uses a preponderance of 
individual symbolic displays. Some pictorial 
elements .are utilized in the attitude indicatoz 
and navigational display. The chief concern in 
this case is upon finding consistent frames of 
reference for displaying bits of information in 
the individual instruments. In this case, the 
frames of reference employed are logical coding 
techniques based on the analysis of tne inter- 
relationships among these bits of information 
and their relationship to the control movement 
of the operator. Some reduction in the number 
of individual instruments has been achieved 


through the integration of related information 
into single displays. 
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Figure 13.8 USAF Panel Layout Whir*- Inte- 
grates Horizontal and Vertical Lines of Ref- 
erence (after Klass*^'*®) 





Pictorial vt, Symbolic Instrument Display Systems 

One investigator 18-13 has provided a valuable discussion of the relative merits of pictorial 
and symbolic types of instmmsnts for displaying information for flight control. He points out that 
there are three types of reading functions served by flight instruments: 

1. Check reading — for assurance of a norm?! or desired indication 

2. Q ualita tive reading -- for the meaning cf a deviation from a normal or desired indication 
3- Quantitative reading «■= for the exact scale value 


Symbolic instruments can serve all three types of reading function. However, pictorial displays 
require supplementary symbolic indications for quantitative reading, since the picture available in 
visual flight is itself deficient In quantitative information. The most successful pictorial display will 
probably be a skeletonized picture including a scale or other means of presenting quantitative data. 

It is probably more economical and efficient to present data in the language and number symbols 
which the pilot customarily uses in his thought processes, rather than in a picture. On the other 
hand, symbols are substitutes for the real thing and, as such, depend upon training for their proper 
use. Pictorial displays might therefore be expected to require less training, be more easily 
interpreted, and give rise to fewer interpretation errors. These benefits may be expected from 
successful pictorial displays presently information as attitude, rate at turn, geographical 
position, and landing cues; it is these indications which are supplied to the pilot more successfully 
by direct vision than by existing instruments. 

The above investigator lists the many visual qualities which would have to be simulated in a 
pictorial display in order to achieve compete realism. He points out the difficulties involved and 
the dangers of false interpretations arh.:cg from incomplete simulation of all Important visual cues. 
From this standpoint, it la apparent that the Important practical questions relating to the design of 
predominantly factorial instruments and instrument systems are the following: 

1. Is our knowledge of visual cues employed in visual flight complete enough? 


2. Are instrumentation techniques adequate to present a synthetic picture of the visual world 
without serious losses in ease of interpretation, relative absence of ambiguity of inte rpr etability , 
and saving in special instrument training? 

3. Can the required precision of flight control be achieved by the addition at symbolic 
indications or by other techniques to the display without loss of the advantages of pictorial displays? 

For symbolic displays, the equivalent question is: Can instrument systems, which are 
predominantly symbolic, be devised to make flight and landing operations as easy to carry out by 
instruments a* by visual flight? The inadequacies of present symbolic instruments can be improved 
by achieving: 

a. Consistency in direction of pointer movement 

b. Combination of interdependent information 

c. Differentiation among indications by position or coding 

d. Standardization of Instrument arrangement 

e. Standardization of scale graduation Intervals 
Systems Considerations in Display Design 

Aircraft panel instruments exist as a means of integrating the human pilot Into the aircraft 
control system. They are used to present the information recess ary to include him into the system 
as a srnsi.ig, decision- making, and control-actuating competent. Control system* in which he 
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owrtiM have changed markedly in the post fifteen years; the change has been toward the elaboration 
of automatic devices, electronic equipment, and computers to aid or replace the pilot it is oiten 
■aid that the human operator’s days in high performance aircraft are numbered, and that the problem 
of utilising 'future aircraft .vlli be solved by completely replacing the pilot by automatic devices. 

Such a viewpoint of eliminating the pilot does not take into account the unique abilities which 
the human operator can contribute. We. have seen that he is capable of recognizing and discriminating 
among complex patterns of stiro&li far more efficiently than any computer now available. More 
important is hi* decision-making, ability. The human operator can utilize information from many 
different kinds of inputs, evaluate it quickly on the basis of past experience and training and come to 
a decision on a course of action appropriate to the immediate situation. Another attribute of the 
human operator is his flexibility, the capacity to perform different tasks concurrently, to use 
different sources of, information for his responses or decisions, and to change his transfer functions 
to Pi therequlrements pf ttesituaHon. Moreover, the human operator has the capacity to learn and, 
therefore, to improve hto performance with instruction and practice. Finally, be Is reliable, easy 
to and immune to Jamming. 

Although these unique abilUies argue for bis continued use in future aircraft, we can point out 
some limit a t i o ns to his abilitieswhich must be taken into consideration when deciding what functions 
shall be assigned to toe human operator . Viewed as an information-transmitting device, the human 
operator has relatively Ibwr channel capacity and low bandwidth. He has difficulties in processing 
the information conveyed ih currenl instrument displays. The human operator also appears to be 
relatively ine^ecUve tc psrformlsg complex mathematical computations. He UCCS |AA/iiy Wucn C tXi 
upoo to vet as an integrator or differentiator; he performs far more effectively as a simple amplifier 
in translating instrument indications ' into control responses. Finally, the human operator is not well 
suited to long, repetitive, or dull tasks. In such situations, his performance suffers from the 
effects of fatigue and inattention. 

Although Our present knowledge of the human operator permits us to make general observations 
of his characteristics, there are hot sufficient experimental data on basic capacities to design complex 
aircraft man- machine systems to utilize best the capacities of the human operator. Further research 
is needed to determine Which tasks the human operator should perform and those that should be taken 
over by automatic devices. 

So me ge neral state ment s can be made concerning the function of the human operator as viewed 
from the systems design standpoint. The division Of tasks between human operator and automatic 
devices should be planned to allow the man to exercise Judgment and make decisions. In order to do 
so, be should be relieved of repetitive and tedious tasks, and those requiring a high information- 
transmission rate. His primary concerns should be the selection of tactics, the mode of system 
operation, and the monitoring of system performance. He should be provided with displays and 
controls which allow Mm to Impart to the system the flexibility inherent within his own characteristics. 

In order to integrate the human operator into the control system, displays should be designed 
to convey the information concerning the aircraft position and operation in the simplest, most easily 
interpretabls form. However, the displays should not eliminate information needed for decision 
making and the monitoring of performance. For example, flight director systems which indicate 
only deviations from a preselected program do not provide any information by which the pilot can 
monitor actual aircraft performance. In situations where the human operator can serve only as a 
simple compensatory tracking device, an automatic system can probably accomplish the task more 
effectively. This releases the operator to monitor the automatic system performance, overriding 
it only when necessary. 

Check List for Designer 

One team *3- 19 compiled the following list of characteristics of a good display: 

1. It presents Indications which are easily verbalized or visualized. 

2. It can be read quickly. 

3. It can be read as accurately as necessary, but no more accurately than required. 

bob 


4. Changing or changed indication is easy to detect 

5. It provides Information in an immediately usable form without requiring calculation or 
translation into other units. 

8. it is free from error-producing features such as cause orientation- reversal on the artificial 
horizon and miarwading of multi- revolution or multi-pointer dials. 

7. It fosters the recognition of errors, so that they do not persist. 

8. It >»H« the operator which *** **«“ ln rMitino 

9. It tells the operator in which direction to operate the control. 

10. It tells the operator when, hc , » revr**, i nd for how long to move the control. 

11. It can be easily distinguished from other instruments. 

12. It is not unnecessarily obtrusive. 

13. It gives the operator current information with minimum lag. 

14. It cannot be used if it is inoperative. 

EFFECTS OF VIBRATION ON VISUAL PERFORMANCE 

Aside from its annoying and fatiguing effects, vibration has been recognized to impair visual 
performance in reciprocating aircraft oi all kinds, in jets when buffeting occurs, and especially in 
helicopters. While design is usually toward minimizing vibration at its source and damping its 
effects in the environment, a certain amount in often inevitable and must be tolerated. Table 13. 1 
lists typical vibrations in some aircraft When vibration cannot be avoided, its effects upon visual 
performance may be reduced by proper design of the visual displays and printed materials which 
must be viewed. However, effective design depends upon as understanding of how vibration 
influences vision. 

Research on the effects of vibration on visual performance have taken two directions. On the 
one hand, the effects of certain kinds of vibration impressed upon the operator's body, through his 
feet or seat, have been explored. On the other hand, the effects of certain kinds of vibration in the 
visual field have been determined. 

Early research on the effects of vibration Imposed upon the body measured human sensitivity 
to vibration. 13-30 Subject standing on a vibrating platform, as frequency and amplitude of 
vibration were Increased, judged when the vibration became (1) "just noticeable," (2) "easily 
noticeable" (3) "troublesome," '4) "disagreeable" (injurious over long periods of time), and 
(5) "dangerous" (injurious over short jperiods of time). Similar studies have been conducted in the 
aircraft situation. 13-22, 13-24, 13-28, 13-29, 13-33 Figure 13.9 presents average amplitude 
values for three judgments at representative frequencies. As frequency of vibration increases, the 
amplitude necessary to yield a given judgment decreases. The relation between frequency and 
amplitude is curvilinear. The data suggest that the judgments of discomfort were mad t on the basis 
of particular threshold velocities rather than amplitude. 

After bodily sensitivity to vibration was measured and discomfort thresholds were determined, 
efforts were made to discover the physiological effects upon which judgments of discomfort are based. 
Tactual sensitivity, tremor, reflexes, reaction time, pulse rat-, blood pressure, metabolism,and 
visual acuity were measured before, during, and after two-hour exposures to various combinations 
of frequency and amplitude of vibration. l"-23 since the subjects sat on a vibrating platform and 
the body provided considerable damping, effects of vibration or. visual acuity were related to head 
vibration rather than to platform vibration. Figure 13, 10 shows binocular visual acuity at various 
frequencies of head vibration for five subjects. At particular frequencies there appear to be 
resonance points at which *:ulty was most affected. The firs! point might be due to difficulty in 
fixating the vih r ~nng te3t object. The remaining peaks may be due to the effects of complex 
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■yaapuMOc vibrations produced at resonance In the musculature of the eye, compounded with the 
f und a men tal vibration of the test object The results are clear in. indicating that vibration of the body 
and test object impairs visual efficiency. The results do not, however, permit an evaluation of the 
effects of vibration in the visual field ns opposed to those of vibration Impressed directly upon the 
body. 


Table IS. 1 Vector Amplitudes of Vibration in Two- and Four- Engine Aircraft 
(compiled from reports of the various mfrs. 13-27, 13-31 ) 


Model 

PV-1 

DC- 

•3 

L B - 

307 

L-49 

Location 

Nose 
(Sta. 
US 3/4 ) 

Accumu- 

lator 

Rear of 
cockpit 

Nose 

Cabin 

Cabin Floor 
Front Rear 

(Sta. 460) (Sta. 875) 

Engine order 


1st 

27/16 

1st 

27/16 

2nd 

2nd 

Engine speed 
rpm 

Amplitude of vibration, in. 

1,000 

0.0188 

0. 0350 




0,0028 

0. 0020 

0.0023 

1,700 

0. 0170 

0.0230 

0.0005 

0. 0C80 



0.0016 

0.0018 

1,800 

0.0140 

0.0085 

0.0012 

0.0060 

0.0038 


0.0015 

0. 0025 

1,900 

0.0068 

0.0080 

0.0013 

0.0030 

0.0030 

0.0057 

0. 0023 

0.0025 

2,000 

0.0098 

0.0050 

0.0010 

0.0075 

0.0046 


0.0068 

0.0040 

2,100 

0.0088 

0.0030 

0.0007 

0.0020 

0.0054 


0.0023 

0.0023 

2,200 

0.0060 

0.0025 

, 

0.0015 

0.0059 

0. 0077 

0.0015 

0. 0025 

2,300 

0. 0068 

0.0015 


0.0015 

0.0049 

0. 0078 

0. 0020 

0. 0026 

2,400 

0. 0075 

f). 0023 



0.0075 

0.0043 

0.0020 

0. 0025 


In some operational situations it is entirely possible for seating, clothing, personal equipment \ 
and the body to damp vibration so that little if any gets as far as the eyeball. In addition, there are 
those instances in which an operator must monitor instruments on a vibrating machine while he *s 
stationary. In such cases, the effects of vibration in the visual field alone become important 

First,let us consider the matter of sensitivity to vibration in the visual field. 13-26, 13-32 

The results of a determination of the minimum amplitudes of vibration in the visual field which 
are just perceptible at various frequencies are shown in Figure 13. 11. Stimuli were printed materials 
In six- and eight -potr-t type viewed at a reading distance of 14 inches under 13. 0 and 23. 5 ft-L. (The 
sunpiltude threshold increases with frequency, and the average amplitude threshold is in the 
neighborhood of 0. 0056 inch. ) Tut threshold increased with decreasing brightness, but the type size 
variable was not found to affect the threshold through the range tested. Visual thresholds to vibration 
related to discomfort thresholds are shown In Figure 13. .*7. 

But what are the effects of surpra-threshold vibration in the visual field upon visual performance? 
In the aircraft situation one critical requirement is reading of printed materials: instrument faces, 
tables, charts, etc. In a series of studies, 3 3- 25 subjects have performed simple mental arithmetic 
on printed numbers. The effect on the subjects’ speed and accuracy has been measured as vibration 
was varied in frequency, amplitude and form, and as the printed material varied in brightness, 
contrast and type else. Of these variables, amplitude of vibration, brightness and type size seem to 
be the most critical. The results of experiments on these variables are summarized in Figures 13. 13 
and 13. 14 for a mid-frequency value of 1050 cpm. They show how the three variable® interact to 



Figure 13. 9 Thresholds of Sensitivity to Vibration 

Vector amplitude and frequency are plotted 
for five degrees of comfort as parameters. 

The data were obtained with trained subjects 
standing on a vibrating platform, (from 
Reiher and Meisterl3-30) 

produce given decrements in speed and accuracy at performance. The authors 13-25 conclude: 

"On a numeral-reading task involving simple mental arithmetic, performance is not significantly 
Impaired by decrease of brightness to 0.05 ft-L, decrease of type size to 6-point or below, or 
increase of amplitude of visual vibration produced by rotating prisms at 1050 cpm to 0. 02 inch, if 
only one factor is varied at a time. 

"Two of these values, in combination, impair time scores from 0 to 40 percent and error 
scores from 0 to 190 percent. All three, in combination, impair time and error scores 130 and 
iiOO percent, respectively. 

"Certainly for brightness, and possibly for type size, the range within which performance is 
not affected is broader than for reading of verbal material. 

"Performance as a function of any one varwible, especially when all other conditions are 
favorable, tends to improve rapidly to a critical value and then levels off sharply. 

"Impairment caused by the visual vibration introduced by means of prisms is considerably less 
than would be caused by vibration of the head at the same amplitude, to judge from previous work on 
the relation of head vibration to acuity. 

"Because of this factor and the possible interaction of various other unfavorable conditions, the 
results of these experiments should be considered as indicating the minimum impairments that would 
probably be produced in the most similar practical situation. 

"Though the effect of head vibration can be assumed to be greater than that of exclusively visual 
vibration, for the same amplitude of relative vibratory movement, in some operational situations 
the visual vibration might be the more troublesome, because vibration of the viewing surfaces v uld 
cause excessive .lnp&itudes at relative movement For this reason separate estimates of the two 
factors wouiu be desirable in practical application. 
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Figure 13. 10 The Influence of 
Exposure to Vibration on 
Visual Acuity 
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Figure 13. 11 Amplitude Threshold 
at Three Frequencies for Three 
Subjects (First Order Interaction: 
Frequency X Subjects) (from 
Wulfeck 13 - 32 ) 


The curves show that during 
2 hrs. of exposure to. vibra- 
tion visual acuity decreases, 
particularly at two distinct 
ranges of frequency. The five 
curves are for different 
subjects. 


"As far as relative vibratory movement 
alone Is concerned, under daylight or high levels 
of artillcal illum i na t ion, the reading at printed 
numerical materials at 14 inches would not be 
affected by vibration amplitudes up to 0. 02 inch 
nor at dial numerals by amplitudes up to 0. 04 
inch. Under night illumination designed to protect 
dark adaptation the tolerances would be much less. 
A drop in brightness to 0. 046 ft-L, for example, 
puts a premium or. printed numerals above 8-point 
in size, and brings the critical amplitude down 
to perhaps Q. 01 inch for the larger :ype sizes; 
in the case of dials at the same brightness, the 
corresponding critical numeral size would be 
about 5/32 inch and the critical amplitude 0. 02 
inch; for 1/8-lnch dial numerals a br'^htneas 
drop to 0. 2 ft-L aould bring critical amplitude to 
0. 02 inch. 


0.0200 
O.OIOO + 
00090 -I 

0.0080 H 

0.0070 

00060 

00090 

00040-4 

00030-4 

0-0020 T 

0-0010 

0.0009 

oooos 

00007- 
0.0006 
0.0005 H 
00004 -j 
00003-1 

0.0002 H 
ooooi -j 
ooooo 


SMOOIH O 
TROUBLESOME a 
SEVERE • 
ABSOU'TE VISUAL X 



RPM • HUNDREDS 


Figure 13. 12 Amplitude Thresholds 
to Vibration: Bodily and Visual 
(from Wulfeck 13-32 ) 

” Making due allowances for the difference 
in the scales, time and error scores appear to 
show about the same effects of the experimental 
conditions. " 
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TYPE SIZE IN POINTS 


Figure 13. 13 Combinations of Amplitude, Brightness, and Type Size 
Producing a Constant Impairment in Time Scores 

In the solid figure, corner A represents the i t favorable 
conditions, B the least favorable. The curved surfac is the 
boundary at which time is increased 5% as condition “come 
less favorable. Based on results from 12 subjects i h in 
Experiments 10, 12, and 14. (from Crook et ah 13- ) 

These data, the data on visual thresholds to vibration, and the da on discomfort thresholds 

can be used to establish some general principles for avoiding or compru iting for the effects of 
vibration in the visual field on visual performance. Maybe the moat sig. dicant of these is that if 
brightness can be kept above 0. 1 ft-L, type size above 8-point, and vibration of material in the 
visual field less than that which would be judged "severe” (0. 0200 lnch)anywhere in the- frequency 
range if the body were subjected to it, there would be no impairment of legibility due to vibration. 
As a matter of fact, Figure 13. 14 shows that if amplitude is kept less "severe" for the body it will not 
even be -'isible. 

If further research made it posB.ble for us to determine the amount of vibration on the eyes 
re suit big from vibration of the body, It would be possible for us also to establish general principles 
for offsetting the effects of vibration of the body on visual per. jrmance. 

ARRANGEMENT OF INSTRUMENTS 

In addition to providing optimum design characteristics for individual instruments, it is 
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Figure 13. 14 Combinations of Amplitude, Brightness, and Type Size 
Producing d Constant Impairment In Error Scores 

In the solid figure, corner A represent*; the most favorable 
conditions, B the least favorable. Ita curved surface is the 
boundary at which errors are increased 32% as conditions 
become less favorable. Based on results from 12 subjects 
each in Experiments 10, 12, and 14. (from Crook et al 13-25) 

important that the location and arrangement of panel Instruments is planned to simplify the pilots' 
task. The problem has two facets: The first is the determination of an optimum position and 
arrangement as determined from experimental data on the ease of recognition in various parts 
of the visual field, the relative frequency of use of various instruments, and the relative 
frequency of eye movements between different instruments. The second aspect Is the standard- 
ization of panel layout so that the arrangement of instruments is consistent from one aircraft 
to another. 

The proper grouping of instruments lias its chief advantage in reducing the extent of eye 
movements in scanning the necessary instruments. Since more than 100 such eye movements per 
minute are made by the pilot under typical instrument flight conditions, decreasing the frequency and 
amplitude of eye movements serves to minimize ocular motor fatigue. Proper grouping reduces the 
time required to fixate and interpret the instruments, thereby reducing cockpit work load. 

The standardization of instrument location lb Important to minimize the confusion and loss of 
efficiency which results when a pilot files different types of aircraft or even models of the same 
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aircraft In which panel arrangements differ. The 
pressing need for standardization is Illustrated 
by the finding that one type of aircraft requi- 
sitioned from the airlines during the Korean 
airlift had so many different panel configurations 
that flight crews required an extra hour or more 
of briefing on the particular cockpit they were to 
flv that day. 13-41 Simil ariy, another study 
13-42 reported an airline pilot opinion survey 
which found that pilots considered the exact 
arrangement of instruments relatively 
unimportant as long as it was consistent from 
one aircraft to another. Although this shortcoming 
Is less characteristic of military aircraft panel 
arrangements, practical considerations often 
require that deviations be made from the standard 
Air Force flight instrument configuration shown 
in Figure 13. 15. 

The information which follows is based on 
experimental literature relating to these problems 
and examines the considerations involved in the 
utilization of these findings for present and future 
cockpit arrangements. 

Direction of Eye Movements 

The general finding on the direction of eye movements is that horizontal eye movements are 
more habitual and easier than vertical excurslr y One team showed 13-36 that the eyes can look 
toward and recognize objects to the right and leffbf the initial fixation point more rapidly and easily 
than objects below. Performance was poorest for objects above. Another study 13-38 has shown 
that this directional relationship also holds when viewing an instrument panel; vertical eye 
movements were more difficult than horizontal. 



Figure 13. 15 Standard USAF 
Flight Instrument Panel Configuration 


Optimum Position 


A study 13-47 of pilots' eye fixations while check- reading mock-ups of engine instrument panels 
revealed: (1) the top row of Instruments is fixated more often than the bottom row, and (2) the top 
left sector of the panel is fixated more often than the top right An in-flight study 13-44 comparing 
pilots' eye fixations with two different Instrument arrangements showed differing amounts of time 
spent on an instrument depending upon its location. More time was spent on centrally located 
instruments regardless of what they were. The most frequently viewed positions on the panel were 
the top center and next, the lower center. We can conclude from these experiments that the most 
| important or most frequently consulted instruments should be placed in a single row at the top of the 
panel directly before the pilot, with the most frequently scanned instrument in the center position. 

J Following these, the next favorable position is the center of the second row. 

Frequency of Use of Instruments 


In order to utilize the findings of the studies 13-44, 13-47 of eye fixations, we need to know 
which instruments are most Important, and should therefore be assigned the best positions on the 
paneL The results of a series of studies, 13-35, 13-37, 13-39, 13-40, 13-45, 13-46 in which a 
large amount of data was collected on the frequency, direction, and sequence of fixations of 
individual instruments, can be used in determining Instrument priorities. These results were 
derived from the film records of pilots' eye movements in a variety of instrument flight conditions. 
Table 13.2 summarizes some results from several of these studies, 13-37, 13-39, 13-45, 13-46 
showing the proportion of time spent on each instrument during various maneuvers. Analyses In 
terms of av«f«gs length of eye fixations of each instrument and number of fixations per minute 
showed essentially the same relationships. The data are particularly interesting in that they reflect 
the nhlfts in relative Importance of the various instruments under varying flight conditions. 
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Table 13. 2. Percentage of Eye Fixation Time Devoted to Individual Instruments 

Under Various Flight Conditions 


Flight Condition 


Instrument 

Straight 

and 

Level 

Level 

Turn 

Climb 

Climb 

Turn 

Descent 

Descend- 
ing Turn 

1LAS 

Approach 

GCA 

Approach 

Directional Gyro 

37 

26 

20 

23 

21 

1 

24 

25 

49 

Gyro Horizon 

25 

29 

24 

28 

22 

25 

15 

19 

Airspeed 

7 

12 

24 

16 

24 

19 

10 

17 

Altimeter 

IS 

12 

7 

7 

7 

6 

2 

3 

Rate of Climb 

5 

6 

9 

8 

8 

7 

2 

5 

Turn and Bank 

3 

6 

3 

5 

2 

5 

1 

2 

Engine Instruments 

2 

B 

10 

9 

12 

10 

2 

4 

ILS cross pointer 

- 

Eli 

- 

- 

- 

- 

41 

- 


The following conclusions can be drawn from the studies on which Table 13. 2 is based: 


1. The directional gyro, artificial horizon, and airspeed indicator were the most important 
instruments under all flight conditions, although dependence upon the altimeter increased in level 
flight. Generally, two-thirds of the pilots' time was spent on these three Instruments. 

2. The altimeter and rate-of-dimb and tum-and-bank indicators were of secondary 
importance, with about 20 percent of the pilots’ time devoted to them. 

3. Engine internments were rarely fixated in comparison to the flight instruments, averaging 
less than 10 percent In fact, the values shown in the table overestimate the importance of the 
engine instruments. This is true because engine instrument fixations were generally twice as long 
(L 4 sec} as the fUgi t instrument fixations, probably because- of the greater necessity for quantita- 
tive reading of the** instruments. They occupied the pilot's attention a significant portion 

(40 percent) of the time only during contact takeoffs. 

4. In terms oZ frequency of eye movements between instruments, placement of the directional 
gyro in the center position was the optimum arrangement Under almost all conditions, the 
greatest frequency of movements was between the directional gyro and the gyro horizon, closely 
followed by eye movements between the directional gyro and airspeed indicator. 

5. The cross pointer instrument assumed primary importance on 1LAS approaches, accounting 
for 41 percent of fixation time. 

6. The airspeed Indicator was apparently the only instrument consulted during visual landings, 
since pilots were found to be looking out of the cockpit 73 percent of the time and at the airspeed 
indicator 17 percent of the time. 

It can be seen that the standard Air Force flight panel arrangement (Fig. 13. 15) is consistent 
with the findings on which Table 13. 2 is based, since the *hree major instruments are placed in the 
upper row. With the radio magnetic indicator (equivalent to directional gyro) in the center position, 
the moat frequent eye movements are short and horizontal. Placement of the cross pointer 
Instrument in the center position of the bottom row is Justified on the basis of the critical Importance 
of thin instrument in ILA8 approaches. 


296 











Limit Inf Factors in Studios of Instrument Panels 

Several factors which limit the usefulness 
of the results of the above studies should be 
mentioned here. First, there is the question of 
the influence of previous training upon instrument 
priorities. An experiment using a similar 
techniquel3-43 studied the eye movements of 
Navy and Air Force pilots during routine instru- 
ment flight. It wv*. found that the two groups 
emphasised different instruments. Air Force 
pilots watched the airspeed indicator more than 
the Navy pilots did, while experienced Navy pilots 
gav^ greater attenti-" to the gyro horizon than 
the Air Force pilots did. 


Secondly, it appears that the configuration 
employed in any test determines to some extent 
the relative use that each instrument will receive. 

This was demonet^tsdlS-SS in comparison tests 
between performance with the standard panel and 
that with an exp^mental configuration; significant 
differences In number of fixations of the altimeter 
and vertical speed and turn- and- bank Indicators 
were found during some maneuvers. 

Moreover, another limiting factor is that 
the tests were conducted in a C-4S aircraft. 

Caution is required before applying the data to 
high-performance aircraft, because of the 
differences in performance characteristics. 

Most important, the data for the studies were collected using a panel consisting of standard 
instruments. In the interim, a number of new integrated flight instruments have been developed. 

The standard Instrument panel arrangement developed by the Cockpit Standardization Committee of 
the Society of Automotive Engineers, and required by Civil Air Regulations for integrated instru- 
mentation Installations in new transport aircraft, is shown in Figure 13.16. This configuration is 
based in part on the flight studies reviewed here, yet the instruments to be employed in several 
cases represent major changes from the standard instruments used in the original research. Addi- 
tional experimentation Is required to determine whether the basic findings reviewed here are appli- 
cable to integrated instruments incorporating flight director and other information, or to more 
radical innovations such as the experimental panel displays described earlier in the chapter. 

Location of Other Instruments and Controls 

All flight Instruments other than the "basic six" should be grouped closely around the basic 
ones, preferably by extension of the horizontal rows. Engine Instruments, controls, and radio 
equipment require only occasional visual attention and can therefore be situated farther away from 
the direct line of vision with leas decrement in performance. The actual amount cf displacement 
from the center depends, of course; on both the accuracy with which they must be seen or read, and 
the frequency of their use. 

The most important (Le., most frequently used) of the other displays and indicators which require 
visual attention arethe engine Instruments. They are located in the same plane of space as the flight in- 
struments, In front of the pilot, because they must be read directly (quantitatively) as well as just check- 
read. However, since engine instruments are referred to less frequently, they are gate rally found either 
in a group off to the side of the panel or singly around the flight group, depending on the size of the cockpit. 
Because engine Instruments are pointer-type indicators, they are not easily distinguishable from one 
another, as are the flight instruments. Their only differentiating characteristics are: (1) their labeling, 
eg., rpra : end (2) the range and magnitude of their scales. This makes the p. iot' s task of disc riminating 
between them a difficult coe. Therefore, not o»ty is standardization of their loc ation a® crucial sb with 
the flight instruments, hot &L)o coding must be employed to further alleviate the situation. 

What methods sure there of coding engine instruments? One commonly used code is color, 
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Figure 13.16 Standard Instrument 
Panel Arrangement for Transports, 
Developed by Cockpit Standardiza- 
tion Committee, Soc iety of 
Automotive Engineers 
(from KlasslS -41 ) 



but since red lighting Is employed in the cockpit, this i* not feasible. Shape coding may provide 
dlscriminable cues, but as yet, this has not been investigated. The other possibility is positioning, 
i. e. , standardizing their location. This Is more straightforward when the engine instruments are 
grouped together (all instruments associated with No. 1 engine placed in left- most position, those 
for No. 2 ermine next, etc. ). When engine instruments are not in a group, they should be arranged 
so that ones that look most similar are farthest apart. 

Controls and warning lights should be situated according to their importance and frequency of 
use. Controls, for the most. Dart, 'tZ2 bast i«v*nt«rf mo. * k « si--'-— they affect and their manipulation 
should relate logically to the change that occurs on the display. An upward movement of a control 
lever should register an upward movement of the aircraft. Infrequently used controls or those with 
no associated displays and requiring no visual definition may be placed far to the sides of the cockpit. 
Warning lights should also be located near the associated controls or devices, and, most important, 
they must always be within the pilot's visual field when he is looking straight ahead. They should be 
located no more than seven inches to either side of the pilot's forward line of sight. 13-34 

COCKPIT ILLUMINATION 

An important general characteristic of the operator’s workplace is lighting. How '^uch, what 
color, and what kind of cockpit li ghting should there be? To answer these questions, it is essential 
to know: (1) the kinri« of visual tasks the operator is expected to perform inside and outske me 
aircraft, and the relations among them; and (2) the conditions external to the aircraft which will 
affect this ability to perform specific visual tasks both inside and outside the aircraft 

Operator Task Considerations 

The fact that complete Job or operational analyses of the visual tasks required of the o aerator 
(especially those outside the aircraft) have not been performed has led to practices which are often 
more theoretical than realistic. However, in the absence of complete specification of requirements 
for various missions, we can ask some obvious questions and consider the implications of them for 
cockpit or other station lighting. We can also identify some of the external conditions which will 
affect the operator’s visual performance. 

Does the operator ever have to look out of the aircraft to perform a critical task? In the case 
of some stations in current aircraft (and in many aircraft in the design stage) some operators do not 
need to see outside the aircraft Even in extreme emergencies, being able to see outside the 
aircraft may not be necessary. Since external illumination can have no effect on the operator's state 
of adaptation in this case, no limit need be put on either brightness or wave length by any factors 
other than those which will maximize performance of his job inside the aircraft. Consider the 
bombardier’s station or the radar countermeasure station, for example. When the primary task is 
monitoring a radar scope for detecting, Identifying, and tracking targets on it, scope characteristics 
and the lighting of other instruments, as well as ambient illumination, can be designed for maximum 
performance independent of other considerations. The implication here is that e*ch such station 
should be equipped with lighting specifically designed to maximize visual performance at that station. 

It may, therefore, be necessary to isolate each station from the illumination from other stations by 
curtaining or light partitions. In stations through which other members of the crew must pass, some 
means of protecting the adaptation of the transients should be provided. If the passage is short and 
unobstructed, reducing or ciUL .gushing illumination in the station might be satisfactory. If passage 
through the station is difficult or if the transient operator must perform some visual task (e. g. , 
checking a chart) with the regular occupant of the station, some auxiliary lighting may be needed. 

The auxiliary lighting should be as nearly compatible as possible with the adaptation requirements 
of each operator, and should be available for brief use in place erf the regular lighting of the station. 

Does the operator need to scan and detect objects intermittently against the night sky or against 
the ground at night while performing critical visual tasks wthin the aircraft? The requirement of 
some missions means that the eyes must be minimally sensitive one instant and be resolving fin* 
detail the next. These conflicting requirements pose an almost classical problem in cockpit 
lighting. We know that the rode are more sensitive in a detection task than the cones and that 
maximum sensitivity of the rods is achieved by dark-adapting them. However, we also know that 
the cor..,, are required tor resolution of fine detail. When this conflict arises, the best lighting will 
employ the mliilmuo. brightness necessary for detailed tasks within the aircraft and hence permit 
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the rods to be ;ui sensitive to low brightnesses as possible. 

Light Intensity Considerations 

How mu< i light does an operator need to perform his tasko within the aircraft? Studies on 
several types cl visual performance at low brightness levels seem to indicate that there is a critical i^vei 
oi wnite light below which performance rapidly deteriorates, and above which little if any improvement 
occurs. One of these studies 13-73 tested the subjects' ability to: (1) perceive motion, (2) judge 
depth, and (3) perform an addition task. For all of these tauks the critical level of illumination was 
between 0.05 and 0.10 foot-lamberts (ft-L). In another studyl3-76 dial reading performance as 
a function of the brightness of the dial markings was investigated. The data indicated that 
both time and error scores increased rapidly at levels of illumination below 0.02-0.05 ft~L, and 
that performance above this level showed very little improvement. Another investigation 13-58 was 
concerned with the legibility of type (such as is used on aero charts) under low illuminations. The 
findings indicated that legiblLLy falls off at an accelerated rate as the level of the illumination is 
reduced from 0. 129 to 0. 014 ft-L. In a more varied task situation, 13-75 that of flying different 
courses in a Link Trainer, similar results were obtained. The performance here improved as 
brightness was increased from 0. 01 ft-L to 0. 1 ft-L of illumination, and above this level there was 
i.3 significant change. These data provide a good indication of the minimum amount of light that must 
be present in order for the pilot to perform his detailed visual tasks. However, even with these Low 
levels of illumination, considerable lose c£ dark adaptation will occur, particularly in the periphery 
of the eye. 


i Color Considerations 

it 

t 

' cn about the color (wave length) of light used for illumination? Several investigations 13-49, 

| 13-59, 13-66 have been concerned with the effect that the wave length of the preceding light has on 

| subsequent dark adaptation. In general, results Indicate that, as the wave length of the light to which 

the eye is exposed increases, the time for the rods to recover their dark-adapted state decreases. 

\ Thus, as the color of the light goes from blue to green to yellow to orange to red, the dark-adapted 

« condition of the rods Is affected less and less. Several studies 13-57, 13-65 have compared the speed 

with which the rods recover the. - sensitivity after exposure to red light, and after exposure to white 
$ light. All of the studies report a significantly more rapid recovery after exposure to red light than 

| ***•*■ exposure to white light of a similar brightness. In one study 13-74 it was found that the effect 

of exposure to 58 millilamberts (mL) of red light on the rate of dark adaptation was approximately 
the same as exposure to one to two mL of white light. In another experiment, 13-65 speeds of dark 
adaptation after exposure to 26. 3 mL of white and 38. 9 mL of red light were compared. It took the 
eye about three times as long to recover from the white light exposure, despite the white light's 
lower brightness. A more applied study 13-53 in this area compared the effect on dark adaptation of 
two different colors of instrument panel lighting, lw <#-color-temperature white vs. pure red. The 
' results suggest a greater loss of dark adaptation occurring with the low-color-temperature-white 
i lighting. 

The data mentioned above bear mainly on the effect of wave length on subsequent rod threshold 
| sensitivity. What is the differential effect of wave length on detailed visual cone performance? 

■ ( Several Older studies 13-60, 13-61, 13-69 investigating the effects of colored illuminants in a variety 

t of vi8ual acuity and reading tasks gave conflicting results. Some of the task situations indicated that 

f performance is favorably affected by t ed illumination: others showed that performance is adversely 

affected by any colored Uhiminant; and still others showed no differences in performance regardless 
ot the color of illumination. From the present point of view, the results of some recent applied 
studler seem Informative but they do not resolve the conflict. A review of the literature 13-80 
concerm. g chart and map reading under different colored lighting reports that, regardless of color, 
the map au -face must be lighted to a level of 0. 046 ft-L in order that ordinary print be legible at a 
lap reading i ' stance (15-18 inches). At this brightness level, green-yellow lighting raises the dark 
adaptation thr*. nhold about 0. 6 log units, while the same level cf red lighting raises the threshold 
only 0. 3 log uni . A return to the minimum threshold after exposure to the green-yellow li ghting 

takes four to six . ’inutesj after exposure to red lighting, one minute or less. A further advantage 
of red light is that to probability of detection from outside the aircraft is less then that of other wave 
lsnsrthR since it is n ost apt to iti&u’Ms only the rods of other observers. 
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On* point about the red lighting of . iaps, brought out in two of the studies, 13-72, 13-80 i S that 
the value oif color coding of maps is lost if they are to be viewed under monochromatic light, since 
then the colors will change in appearance. If red light is used, reel markings disappear, orange and 
brown markings become very difficult to see, green markings become grey, etc. 

Dial reading performance as a function of the color of illumination has also been studied. 13-77 
The colors were selected from the red-orange-yellow end of the spectrum. They were yellow-green, 
yellow-orange, orange- red/%nd pure red, amt were tested at two brightness levels, 0. 01 and 0. 1 ft-L. 
Performance at 0. 01 ft-L *as quite poor for ail conditions. At the 0. 1 ft-L level, performance in 
terms of accuracy was significantly better with deep red than with any of the other colors; time scores 
showed no differences as color was varied. These data were also compared with those from a dial- 
reading study using white-light; performance under colored lighting was significantly better at both 
brightness levels. A generalised applied study 13-75 was conducted on experienced pilots flying 
instrument courses (either 32 minutes or 4 hours in length) in a Link Trainer. The courses were 
flown with four different colors illuminating the instrument panel: red, orange-red, orange-yellow 
and white. Three different brightness levels were used: 0.01, 0, 1, and 1.0 ft-L. Performance 
improved as a function of increasing brightness up to the 0. 1 brightness level; beyond this very little 
further improvement occurred. Pfer/ormance was not affected differentially by the color of the light. 

Combining the salient aspects of the data given on visual performance under different amounts 
and colors of illumination, a li ghting system can be described that should be optimal for night fl7*^g 
when detection only is required. The intensity level should be approximately 0. 1 ft-L ai.J the color 
should be red (cut off at 640 mp ), assuming the pilot r -eds to be dark-adapted. 

Lighting System Considerations 

What kind of lighting system should be employed? in one investigation ; 13-79 the effect on dark 
adaptation of indirect red and red floodlighting systems was compared under two conditions of extra- 
cockpit light: aircraft in completely dark hangar (L e. , no outside light) and aircraft in flight in clear 
moonless night sky with transient ground lights. Both kinds of lighting systems affected the absolute 
dark adaptation threshold, but not differentially; the increase in threshold In both cases was about 
0. 23 log units, which a pp r o xi mates the change found in the map reading experiment. 13-80 it is 
possible that the loo* Is not operationally significant in some situations. Another study 13-65 on 
these two li ghting systems has shown, however, that pilots prefer the Indirect red over the red 
floodlighting by a large margin. The indirect red made for easier and more pisasar,: viewing of the 
Instrument panel. 

A further investigation 13-71 of pilots' preferences compared a red individual instrument 
(indirect) lig hting system alone and in conjunction with a red floodlighttiw system. The individual 
lighting system mem varied in brightness from 0. 02 up to 1. 15 ft-L and the floodlighting ranged from 
0. 02 up to L 15 ft-L. Preferences were obtained both in a laboratory study using a cockpit mockup 
and in a field study in which pilots had flying experience with both lighting systems. Id both 
situations, the results were the same — the pile's stated that they found the floodlighting unnecessary. 
Also they reported no undesirable visual effects from the brightness contrast between the instrument 
dial faces and the surrounding panel areas when the indirect system was used alone. This can be 
attributed to the relatively large amount of light which spills over the dial face, thus providing a 
"built-in" system of contrast reduction. 

A similar study 13-51 compared two lighting systems for consoles using transillumination 
alone and in conjunction with a red floodlighting system. In this laboratory study, the brightness of 
a panel of in a cockpit enclosure was varied from 0. 015 up to 0. 158 ft-L by transilluminatioo. 
These brightness levels were tested alone, and with additional floodlighting ranging up to 0. 042 foot- 
candle (ft-c). Two lighting conditions were considered most comfortable, 0. 044 ft-L of tranc illumi- 
nation with 0. 025 ft-c of floodlighting, and 0. 168 ft-L of trans illumination alone. A second part of 
the study, employing a cockpit ro™’kup in a planetarium, requited pilots to select combinations 
of transiUuminntion and floodlighting to meet the three different criteria: (1) minimum — for barely 
legible conditions of the console markings; (2) annual — for the dark-adapted pilot; and (3) maximum — 
for the non-dark-adapted pi iot flying at night Most pilots first selected a tranailiumination level 
that would afford the best legibility of the panel for the particular criterion, and then selected a 
flo jdiightlng level that would fill *n the other cockpit areas to provide better general orientation. 

The t r ans 111 j m tnation levels chosen for the three criteria were: (1) minimum — 0. 068 ft-L, 
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(2) normal — 0. Ill ft-L, and (3) maximum — 0. 335 ft-h. Interestingly enough, the floodlighting 
levels chosen were about the same regardless of the criterion, about 0. 042 ft-c. From these results, 
the authors 13-51 recommend an auxiliary floodlighting, system that can be adjusted over the three 
brightneM levels: (1) dim — 0. 05 ft-c as an aid to cockpit orientation; (2) medium — 0. 2 ft-c as an 
adequate lighting system alone for emergency use; and f3) bright — 2. C ft-c as an additional system 
when the pilot has been exposed to intense light. Floodlighting is needed as a supplement to the 
transillumination for cockpit orientation. Unlike the individual instrument lighting system, only a 
very small amount of light escapes beyond the plastic plates in transillumination. 

A survey 13-52 of lighting preferences in a cockpit mockup situation further demonstrates (at 
least in a qualitative way) the need for a supplementary floodlighting system for consoles. The 
lighting systems investigated were indirect, floodlighting, or a combination of the two, and were 
tried on each of two cockpit areas, consoles and instrument panel. For the consoles, most pilots 
preferred a combined indirect and floodlighting system as opposed to either one alone. For the 
instrument panel, the pilots preferred the indirect iighting system alone. 

Summarizing the data given above, it appears that when the task to be \ formed outside the 
aircraft depends upon detection of low brightnesses and not resolution of fine detail, the cockpit 
lighting systems should Incorporate two separate features: (1) indirect red lighting for the 
Instrument panel, and (2) an additional red floodlight for consoles and other recessed areas in which 
controls are situated. 

Ultraviolet lighting is not desirable for cockpit illumination, because the most stable phosphors 
now available are chiefly yellow or yellow-green, which are not desirable wave lengths for night 
lighting. H stability is achieved for a red phosphor, ultraviolet lighting could be used in place of the 
system recommended above, provided that reflections are controlled and some red floodlighting is 
used to aid in general orientation. Another disadvantage of ultraviolet lighting is that it causes 
fluorescence of the eye lens, which reduces vision by causing haze. 

Does the operator need to recognize and identify objects against the night sky or against the 
ground at night intermittently while performing critical visual tasks within the aircraft? The preceding 
discussion of this section has been based on a cockpit lighting system for use when the primary task 
to be performed outside the aircraft is detection. Often, however, the detection of objects is far 
from sufficient for many missions or emergency situations. High-performance aircraft, which are 
often the tactical or air-defense mission targets, move through great distances at extremely high 
speeds. High-performance bombers are reaching altitudes from which strategic targets, fixes, 
landmarks, certain terrain features, and even air strips are seen as minute, lix many instances, 
therefore, it would seem as if the resolution of fine detail is critical for successful completion of 
the mission. As seen from the curves in Figure 13. 17 of acuity versus retinal location, the 
resolution of fine detail, such as would be required in identifying a fast-moving aircraft, requires 
that the cones be used. If such resolution must be accomplished at night, the cones must be dark- 
adapted. In the preceding discussion it was pointed out that the canes do not seem to function at a 
brightness lower than approximately 0. 003 it-L, even if well adapted. It can be concluded that if the 
mission requires high acuity to resolve targets at a brightness appreciably lower than 0. 003 ft-L, it 
should be done with the aid of radar. In such instances, the red lighting system just described would 
increase the probability of detection of gross detail; it should be used if compatible with the 
adaptation requirements of the radar. 

When the brightness of the targets to be recognized can be expected to fall above 0.003 ft-L, 
the cones might be cble to function if properly adapted, while the rods could not Compared to the 
mass of research done to optimize lighting conditions for rod adaptation, little has been done to 
establish optimal conditions for cone adaptation. Probably the lack of data specifying the pilots' 
visual tasks accounts for the fact that recognition of the necessity for cone adaptation in some missions 
is not common. Furthermore, applications of the red tight system or principle have been so 
indiscriminately made that many appear to accept red light ns a universal solution to ail adaptation 
problems. Consider, for instance, the radiologist who faithfully dons his red goggles for 30 minutes 
prior to a fluoroscopic examination during which he must resolve critical details such as fracture 
lines, etc. There is a good chance that some other lighting system may better facilitate cone 
adaptation and be more suitable for situations in which only maximum cone sensitivity is required. 

The luminance function (Fig. 13. 18) shown that a filter transmitting only the red end of the spectrum 
(above approx. 540 mu) permits vision with the cones while allowingthe rods io adapt. Bv looking at 
the other end of the curves, it can be seen thata filter transmitting only blue would, at low’ Illumination 
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levels, permit vision with the rods while allowing the cones to adapt. Unfortunately, not as much 
experimental basis exists for specifying W«« iqAHng » for re* 1 

many situations which should usi blue lighting ft * cone adaptation. It may be established through 
future research thai U>o rods ure sufficient for minimal acuity t «sko Siich !»s ths r eading of 
specially redesigned dials in a cockpit illuminated with low-level blue light. If this happens, a blue 
lighting system may become desirable for the situation in which the operator needs to recognize and 
identify objects against the night sky intermit- 
tently while monitoring instruments within the 
cockpit. 


Light Contrast Problems 

As compared to the night sky, the day sky 
presents the opposite of the light contrast 
problem. During the day, the brightness level of 
the outside sky is considerably higher than that 
of the cockpit Interior. In terms of the pilot's 
tasks, what now is the major lighting problem? 
The kind of task that best Illustrates this prob- 
lem is when the pilot must be able to read his 
instruments Immediately after performing an 
outside observation. The problem is ram of 
maintaining the eyes at a relatively constant 
adaptation level by reducing the brightness 
differences between the two areas, thereby re- 
ducing the time during which the pilot is literally 
blinded as his eyes move from an area of high 
brightness to one of low brightness (from sky 
to instruments). Figure 13.19 shows dark 
adaptation os a function of the region of the 
ret in? stimulated. For daylight flying at rela- 
tively tow aKlvides (below 20,000 ft), the bright - 
ness problem is minimal; however, at high 
altitudes (above 30,000 it) where many aircraft 
now fly, this problem is serious. The problem 
also exists when flying near lightning flashes or 
into the sun. In the case of high altitudes, two 
factors are involved; light is reflected from 
underlying clouds, ami there are direct rays 
from the sun, but the sun Is not much stronger 
than at low altitude on a clear day . 

The general contrast problem is discussed 
in Chapter 8, and will receive only brief mention 
here. Numerous studies 13 * 43 ,! 3 *^ have dealt 
with the problem of the brightness of the area 
that forms the background upon or within which 
the visual task is located. These studies indicate 
that both visual performance and visual comfort 
are best when the brightness of the general 
ba-’ground is about the same as the brightness 
of the task area. In any case, the outer areas 
should have a brightness between one-tenth to 
three times that of the task area. The nearer 
all areas approach unity in their brightness 
ratios, the better is the visibility and the less 
the distraction from glare, which eventually 
produces fatigue. 



BACKGROUND LUMINANCE 
IN LOG j.,.L 


Figure 1* r Visual Acuity as a 
Function dfthe Background Luminance 
of the Acuity Object at VariousRetinal 
Locations (from Chapanis 13-54 ) (see 
Mandelbaum and Rowlandl3-70) 
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Figure 13.18 Spectral Sensitivity 
Curve. Relative Amounts of Radiant 
Flux Required to Stimulate the Rods 
and Cones, (after CH*panisl3-54) 


The applied studies dealing specifically 
with the aircraft problems have been mainly 
concerned with the color of cockpit interiors. 
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One field stud$13-62 nude (hiring both day and 
night flights, compared a gray cockpit interior 
and Itmm-ttt: nsnel *rith the conventional black. 
Each pilot was presented with a questionnaire 
designed to evaluate the interiors and panels in 
terms of functional suitability, visual adaptation 
and general appearance. The results indicate an 
overwhelming preference for the gray interior 
and panel. 

Another in-flight evaluation! 3 *68 conducted 

during both day and night conditions, had two 
aims: (1) to determine the preferred reflectability 
of cockpit paint, and (2) to use this value in de- 
termining the preferred color. For the first 
determination, the pilots select ed,from a series 
of five colors (light gray through black), a gray 
that they thought most suitable for the cockpit 
interior in different flight situations. The most 
preferred shade was about 22 percent reflective. 
Then, for the second determination, the pilots 
selected, from a series of five colors (light green, 
light blue, neutral, dark gull- tray, all 22 percent 
reflective, and standard black), a hue that they 
thought best for different flight situations. The 
major ity of preferences were for the dark gull- 
gray; however, some preferred the lighter paints 
for night operations. In general, pilots prefer 
neutral paints that are not more than 23 percent 
reflective. These paints provide an increased 
brightness level in the cockpit during day flights 
by reflecting light into recessed areas; and they 
reduce the contrast between the interior and ex- 
terior of the cockpit, which is especially im- 
portant at high altitudes. 



Figure 13.19 Dark Adaptation as 
Function of the Region of the 
Retina Stimulated 

Dark adaptation curves meas- 
ured with a 2-degree test ob- 
ject placed at various angular 
distances from the fixation 
point, (from Stevens 13-78^ 
Fig. 18, p. 947) (data from 
Hecht, Haig & Wald) 


One study 13- 5h evaluated a light green cockpit interior during both day and night flight at alti- 
tudes over 'JO, 000 feet. The i 'ssults are again qualitative, but they indicate that the pilots preferred 
light green to the conventional black. The two reasons given were: (1) daylight visibility for all in- 
struments, controls, etc., within the cockpit was considerably improved; and (2) reflections that oc- 
curred during night flight were eliminated. In this study an evaluation was also made of floodlighting, 
' both to improve the visibility of recessed consoles when flying at high altitudes, and to minimize the 
' blinding effect of lightning flashes. The results indicate that in both situations the floodlighting is 
essential; pilots were blirded from three to six minutes by a lightning flash in a darkened plane, and 
only 15 to 30 seconds in a brightly lighted plane. Some research*3-62,13-63,13-64 indicates the loss 
in sensitivity which can occur as a result of expu r ure to brief flashes of light. 


Part of a study!3-50 evaluated the use of polarized goggles when making a visual search in the 
vicinity of the sun. In general, vision was considerably impro%’ed when the dark position of the goggles 
was used fortheoutsidesearchandtheclearposition used to view the cockpit interior. 


Summarizing all of the aspects of the aircraft lighting problem, a final integrated system 
emerges; it should include; 

1. A neutral-colored cockpit interior and instrument panel 

2. An indirect red lighting system for the instrument panel, with the possibility after more re- 
search of using a blue lighting system when cone adaptation only is required 

3. An additional red floodlighting system for locessedconyolesandgeneralcockpitorier.!- 1 '^.-, 


4. A w> it r floodligh* mg system for use when near lightning flashes or other areas cf very 
high intensity 





Simulated Blind Flying Problems 

The function of airborne simulated blind flying equipment should be to suable the pilot to prac- 
tice instrument flight without the distraction of external cues. One wants good blackout of the hori- 
zon and good risibility cl the instruments . Four systems have been tested: (1) Two-stage system, 
employing two-antagonistic transparent light filters tor selective vlaiOu* (2) Ss>2 system , erhsrc 
cod-mious opaque surfaces are presented to occlude certain areas, (S) Louver system , where suc- 
cessive slats project from windows, and (4) Single-stage system , employing one sharp cut-off filter, 
matched in spectral characteristics with an artificial light source . 

The two-stage system is the most satisfactory of the four general systems described above 
and is most effective for general use in all aircraft types and in a variety of training situations. 

The principle involved is a simple one - if white light from a single light source is passed through 
two filters in succession, only those wave lengths common to both filters will be transmitted. In 
the two-stage system, the Instructor, on whom the safety of the plane depends, looks through panels 
of amber so that hi* view outside the aircraft is occ!~*?d. T*^ uus "best" 

system is that the safety pilot's vision may be reduced dangerously at low external brightnesses. 
Secondarily, pilots d i s l ike goggles in any system. Thirdly, auxiliary lighting is sometimes required 
in order that the instruments shall sufficiently visible to the goggled pilot. 
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CHAPTER 14 

INSTRUMENT NAVIGATION, APPROACH, AND LANDING 


This chapter is in three parts. The first part deals with the task of instrument navigation and 
c onsider s the displays used in conjunction with this aspect of flight. 

The second part examines the difficulties involved in instrument approach and landing. Some 
of the reasons for the difficulty of this flight operation are discussed in relation topresent techniques 
■"and instr uments. Techniques for bringing about safer and simpler landings are evaluated. 

A discussion of maps and charts is included as the third part of this chapter, since in many 
current aircraft, wq* wd rtwrt* my*t atui be uaed. 


We can best begin by describing in general the different aspects or part s of the task of navigation. 

What Is it that the air crewman is doing when he navigates? Typically, navigation involves a 
series of st«y« or leading to the destination. Within each such leg, fee attempt is made, either 
cantinously or intermittently, to ascertain the position of the aircraft over the terrain below with 
mini mum uncertainty and error. This is the first aspect of navigation - knowing where the aircraft is. 

The second ««pwt is that of planning the steps necessary for the completion of a course to the 
next checkpoint or destination. Here the effort is made to predict the heading which, taking account 
cf atmospheric conditions, will get the aircraft to the next checkpoint at a particular time. 

The third aspect is concerned with maintaining the required heading and other required flight 
conditions. This aircraft control or tracking is continuous as contrasted with the first two 
aspects, which are typically intermittent taalra concerned with maintaining orientation and decision- 
making. 


Let us consider now the navigational displays used in conjunction with these three aspects 
of instrument navigation. Until recently, maintaining orientation and decision-making required the 
use of a map or radio facility chart in conjunction with the panel-mounted navigation displays. 

This was necessary because radio navigation aids provide only bearing inform***™' without rr **- 
tlnuous Information on the distance of the aircraft from the ground facility . The lack of distance 
information necessitated dead reckoning from an occasional position fix to the next checkpoint or 
merely homing in on a station without knowledge of distance-to-go and present position. 


Two points are cf interest here. First, maintaining orientation and decision-making under 
these conditions require the operator to integrate information appearing on the navigational display 
and the map or facility chart. This requires mental manipulation or transformation cf the infor- 
mation, or manually plotting the navigational display read-out on the map. While this is not a 
critical consideration where a full-time navigator is aboard, it imposes a heavy load upon the pilot of 
a single-place high-performance aircraft. Secondly, the navigational displays which have been 
developed to display bearing information are primarily designed to facilitate the aircraft control or 
tracking task, rather than the other aspects of navigation. An example of such a display is the Radio 
Magnetic Indicator, in which two radio compass pointers indicate bearing against a moving scale 
indication of heading. The display is used for controlling heading, for homing, and for obtaining a fix 
from bearings to two stations. However, utilizing a two-bearing fix for orientation and decision- 
making ordinarily requires the use of a map or radio facility chart. 

The development of the omni-directional radio range (omni-range) and associated distance 
measuring equipment, of Tacan, and of airborne automatic dead- reckoning equipments have made it 
possible to continuously indicate to the pilot the position of his aircraft. These developments raise 
the question of how to display this information to the pilot so as to allow him to carry out the 
decision-making and tracking functions of navigation with maximum accuracy and efficiency. A fund 
of valuable data relating to this question has resulted from a series of experiments conducted at the 
University r,f Illinois. 14-15. 14-20 These experiments were undertaken to detc. mine optimum display 
designs for use with VOR. In an initial experiment, speed and accuracy of pilots’ solutions of typical 
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navigation problems were compared by means of mockupe (drawings) of three proposed pictorial 
disp lays and five existing symbolic dtsjdays. The symbolic displays employed numerical poimar 
rsStbS, needle dejections, or munbers appearing in windows, w hile the p ictorial dtoplays I*™ 16 * 6 
iitformatioa In the form of representations of toe spatial relations between aircraft, station, and 
aircraft heading. The pictorial displays were found to be superior to the symbolic displays in terms 
of Lott time and error scares. A pictorial display of the type shown in Figure 14.1, in which the 
station is shown in a fixed position at tte center of the display with north at the top and the aircrMt as 
a pip moving about the station, was superior to all otters. In subsequent tests, performance on this 
display was compared with that on the conventional symbolic displ a y shown in Figure 14.2. Private 
pii o ta aad Instr umen t pilots flew a variety of local navigational problems in a Link Trainer. Results 
of the experiments favor the pictorial display in terms of: (1) the excess distance flown on correct 
■r.Hrftnw; ( 2 ) the distance flown in which established flight tolerances for altitude and airspeed were 
mrrcwtrtrrt; (?) the namber of unnecessary turns which were made; (4) the time required to orient from 
an unknown position and In itiate a problem solution; (5) the proportion of first turns which were made 
in a more econo mi cal direction; and (6) the proportion of first tarns which resulted in a correct 
init ial heading. The symbolic display showed superiority only in accuracy of hitting the station on a 
final straight-in approach. 



Figure l 4 1 The Station- Centered Pictorial Display 

The display indicates directly the position and 
heading of the aircraft in relation to the station.14-15 


Another experiment showed that performance on pictorial displays was superior when the 

moving figure represented the aircraft rather than the station. Another finding here was that it made 
£* no significant difference whether the compass rose was oriented with north at the top or rotated so 
; that north appealed at some other position, although there was a small difference in favor of the 
1 12 o’clock north orientation. 


These experiments definitely establish that for the orientation and planning functions involved 
in navigation a map-like pictorial display in which the aircraft symbol moves relative to a fixed 
| ground representation is optimum. IbiB is an application of the "outside - in" display principle 
, discussed in Chapter 13. The data indicate, however, that such a display is probably not equally good 
. for precise heading control. It Is possible, however, to design a composite instrument incorporating 
Information ’n optimum form for both planning and precise tracking control. One solution would be to 
..4 stllow the entire display, including th* fixed compass rose, to be rotated uo that the desired course 
W appears at the top of the display. Adding a moving bug which indicates actual heading against the 
4 compass rose wwiM then allow the pilot to check-read hin steering control against the 12 o’clock 
” reference position. 
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Figure 14.2 The Conventional Symbolic Display 


The display indicates that the aircraft is 
somewhere to the left of a course of 15° to 
the station, heading N. H-15 

Applications of the pictorial disoUy principles evolved in the studies at the University of 
Illinois have been made in more recj|Prnavlgaiional display development programs. These include 
several Portable Pictorial Display equipments developed by the Air Navigation Developmer . Board, 
14-18, 14-17, 14-18 as well as interceptoi navigational displays developed at the Hughes Aircraft 
Company. These displays indicate aircraft position or track on variable-scale map backgrounds. 

An advantage of this type of display lor further development is that the specific information 
appearing on the map or chart background can be varied to suit the requirements of the particular 
aircraft mission. Moreover, it should be possible to display such additional information as is 
available from airborne computers and other automatic equipment in the form most readily 
interpreted by the human operator in planning and decision-making. Such additional information 
might include fuel range indication, position of other aircraft, command headings, or a represen- 
tation of the entire predicted course of the mission. 

INSTRUMENT APPROACH AND LANDING 

One aspect of the pilot's Job on an instrument approach is to provide a stable, well-controlled 
heading and rate of descent. In this regard, the approach task does not differ from other phases of 
instrument Right. Time pressures are heightened, since these adjustments in flight path must be 
established quickly and accurately at precisely designated times. On a ground- controlled approach 
(GCA), this is the major part of the pilot's responsibility; be maintains a stable, precise flight path 
from which necessary corrections can be established by ground personnel, and then he executes the 
corrections as directed. 

On an instrument low-approach system (ILAS), the pilot's information processing load is in- 
creased by the necessity to monitor the cross-poii. ;r instrument in addition to the other instruments 
on the panel. An idea of the Increased load can be inferred from data of the eye movement studies 
described in Chapter 12. These data show that about 40 percent of the pilot's time is devoted to 
watching the cross-pointer instrument. 

The reduction in the time available during the ILAS approach for scanning other instrument 
indications appears to be of Importance in terms of the following analysis of how the pilot utilizes the 
cross -pointer info: mation during the approach. Essentially, the cross-pointer mstrument supplies the 
same kind of information supplied by the ground controller on GCA approaches. If the p'lot has been 
able to hold a precise heading and rate of descent, he is more able to predict the control actions which 
will be required to hold the cross-pointer indices zeroed after he has made a correction. If the pilot 
merely chases the cross -pointer needles without being able to smooth out the oscillations of flight 

324 



path, there is little possibility that he will be able to hold the narrowing beam as he gets nearer ihe 
runway. 

The pilot’s visual Information processing load is further Increased during an approach when ne 
begins to search outside fee aircraft to establish visual reference. At this point the pilot must not 
only integrate cross-pointer and flight instrument inform? ti'"!, but must also curtail and interrupt this 
activity to try to identify fee runway, approach lights, or ether ground objects so as to effect the 
transition to visual flight. Two points are of importance here. First, establishing ground reference 
at night and uniter the low visibility conditions often encountered may not be quickly accomplished, 
requiring appreciable time for scorching and interpretation of fee few ambiguous visual cues 
available. Secondly, switching back and forth between instrument flight and visual reference, which 
often occurs with a low overcast, requires a change between different frames of reference. This 
results in fee same impairment of performance and possibility of confusion in both visual tasks as 
pointed out earlier in Chapter 13. 

One approach to the problem of instrument landing, it would appear, is to consider the various 
current and experimental landing systems in .arms of hcrw they relate to fee information processing 
load of fee human operator. Viewed from this standpoint, the low frequency aural range and GCA 
procedures reduce the visual load upon fee pilot. Since steering directions are received aurally, more 
time is available for visually scanning and interpreting flight instruments. 

A study demonstrated the gain in performance achieved by dividing the information load 
between several sensory channels. Three different techniques cf presenting airspeed information 
were compared in a laboratory simulation of carrier landings. Subjects performed a visual alignment 
task while simultaneously attempting to maintain a constant airspeed indication. Airspeed -'-is more 
accurately controlled when presented aurally (varying pulse rate and intensity) than when presented 
by fee standard airspeed indicator. Somewhat better than fee standard airspeed indicator, but not as 
good as fee aural presentation, was the display of airspeed by projecting lights varying in color, flash 
rate, and intensity on fee windscreen. 

Probably fee most effective means yet devised for lightening fee pilot’s load during fee approach 
are the military and civilian automatic approach systems in which fee autopilot is utilized to control 
fee aircraft during fee approach. Wife these systems, fee operator is largely relieved cf fee tr.ik ca* 
maintaining a stable heading and rate of descent along fee ILS beam. If instruments are provided 
which allow the pilot to monitor fee aircraft position relative to fee 115 beam, this technique fulfills 
the systems design considerations outlined in Chapter 13. Urn pilot’s responsibilities are limited to 
monitoring fee automatic system, controlling airspeed, searching outside the aircraft for visual 
references, and then taking over control in the final stage of the approach. 

Some of fee integrated display systems in fee developmental stage, or now coming into use, 
utilize other means of simplifying the operator's task. A common feature is fee integration of cross- 
pointer steering commands, supplied by a flight director computer, wife pitch-roll attitude indications 
in a single instrument. In these applications, fee steering command indt cations derived from fee 
computer indicate to the operator the corrections required to make asymtotic approaches to fee 
localizer and glide paths. The steering command indications are a combination of several separate 
factors. The typical computer combines the radio course error signal with fee heading error (first 
derivative) to determine the bank angle (second derivative) necessary to achieve the required 
correction. The steering indicator is centered by fee operator by controlling the bank angle. The 
operator's talk is greatly simplified, with minimum lag in reading off fee adequacy of corrections. 

One difficulty is that, while keeping the pointers zeroed is relatively easy, the pilot cannot estimate 
how great his deviations from the beam actually are unless the radio error signals are displayed on 
another instrument. Without additional information, he must follow fee director signals without 
knowing his actual flight path relative to the beam. 

A point that should be mentioned concerning integrated displays of attitude and flight director 
information has to do with the display principles employed. In some cases, attitude indication is by 
means of a moving aircraft symbol, thus employing the aircraft-reference principle. Within the 
same display, however, the cross-pointer indications are based on the earth-reference principle 
(cross pointers represent position of beam rather than of aircraft). It was pointed out in Chapter 13 
that for standard horizon and cross-pointer indicators, the e ^urimentm evidence shows superior 
performance with displays employing the aircraft-reference principle. Although no experimental 
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tests are available that show the result erf mixing the two types of indication within a single integrated 
instrument there would appear to be the possibility of confusion and reversal errors, even for 
experience, pilots. This is certainly an area in whl ch further research is needed. 

A critical phase occurs during an instrument approach when the pilot must took outside the 
cockpit *o establish visual reference with the runway. Ke has less time to scan his instruments, and 
must shift from one frame of reference to another, often alternating between the two. Automatic 
approach equipment can be used to assist the pilot so that he can devote more time and attention to 
searching for ground objects and es tablis hing the ground plane. Other means of aiding the pilot during 
the transition phase are also possible. 

It was pointed out in Chapter 10 that the time required for accommodation is an important factor 
in looking at the instrument panel and then at a distant object. Accommodating for near objects and 
then relaxing accommodation to focus for distant objects and returning to the near object may reqmre 
up to a full second, far longer than the associated eye movement time. One means of reducing the 
time required for accommodation would be to project the more important instruments upon the lower 
portion of the windshield so that they are focused at optical infinity. If the three or four instruments 
employed most often in GCA and ILS approaches were projected in this way, the experimental data on 
eye fixations show that, at most, an occasional glance within the cockpit, with change of accommoda- 
tion, would be required. Although this technique has not been employed for instrument landing, an 
experimental periscope design has been reported!*-!! which incorporates four optically projected 
flight instruments In the periscope field of view. 

An experimental instrument landing display has been designed 14-2 to simplify transition from 
instruments to ground reference. The information required to close and hold the approach beam is 
analyzed and related to the kinds of information that the pilot has available when he comes into visual 
contact with the runway. The design attempts to facilitate the transition from instrument to visual 
approach by use of an instrument display that presents its information in a form similar to that 
obtained from the ground itself. The requirements cf the display are based on a geometric analysis 
of how the ground information is utilized. The position and rate of movement of cross pointers are 
used to indicate angular displacement, rate of closure, and change of rate of closure to the localizer 
and glide-path planes. 

Two aspects of this design deserve further comment. First, it should be noted that the 
instrument presents as independent indications the basic position error and the first and second 
derivatives , which are combined in flight director indicators. Unfortunately, there is no availrble 
experimental evidence concerning the effectiveness with which this information is utilized when 
presented within a single display. Secondly, although the oesign attempts to simulate some aspects 
of the visual picture of the runway available to the pilot under visual conditions, the display is 
essentially symbolic. 

Pictorial Displays for Instrument Approach and Landing 

It has been reported ! 4 -® that the use cf pictorial displays for instrument approach and landing 
is one cf the applications for which pictorial presentations appear suitable and possibly superior to 
symbolic displays. On the basis of an analysis of the information needed by the pilot during his 
approach and the related visual cues, this report points out the difficulties of pictoriallv simulating 
all the qualities of the visual situation. It is concluded, however, that the pilot’s performance and 
confidence might be improved by a successful pictorial display. 

At the present time the only pictorial display development effort designed for instrument 
approach and landing is the joint ONR-BuAer-Army display that is described in Chapter 13. The 
success of this attempt to improve the ease and safety of instrument landing cannot be evaluated 'until 
results of the experimental tests are av«^i.«u.Ia. 

MAPS AND CHARTS 

In many current aircraft, maps and charts must still be used. Unfortunately, maps and charts 
have become more cluttered and there is a wider variety of them, because of the Increasing complexity 
of flight. In part, the task of navigation is extremely difficult simply because so many charts must be 
carried, stowed, and handled on each flight. Their large size makes handling very awkward. When the 
charts are being read, the overprinting of electronic facilities makes the charts difficult to interpret. 
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Tha first step in a program 14 " l » 14 - ? > 14 ' 10 ’ 14-13 ’ 14-19 attempting to improve charts was 

to set up certain criteria that aeronautical charts must fulfill to ^ th^ S ’ 

performance aircraft First, the information appearing on the chart should be ^pronr^ ^ th 
conditions of flight Secondly, the data should be organised on the chart for maximum efficiency of 
use. The presentation should allow for maximu m legibility U-e., good symbols, type style and size, 
and good c^r). The chart sirs should be small enough for easy handling, and the scale should be 
suited to the speed and altitude of flight. Finally, the chart should be integrated with other types 01 
nsvig-tion data systems. 

A prototype chart was developed under the program mentioned above having the following 
characteristics: 


1. Small dimensions to facilitate handling in the cockpit comfortably, yet drawn to show an area 
approximately equivalent to the fuel range oi the aircraft (assumed, for this purpose, to be single- 
seat jets) 

2. Separation c< facilities for visual and instrument flight (electronic facilities on reverse of 

chart) 

3. Only presumed to be visible from high altitude (Unfortunately, very few tests have 

been undertaken to demonstrate what can be seen from aircraft at high altitudes. ) 

! 

4. Only items which are presumed to be the type used by pilots for making fixes (A job 
analysis to determine whether pilots actuilly look at such objects in order to navigate is in order 
here.) 

5. T torn a spaced at 150-mile. intervals to provide check points every 15 to 20 minutes 


6. Changes Jq elevation shown by shading 

7. Pictorial symbols rather than symbolic ones 

8. Color to differentiate certain classes of information such as cities and radio facilities 


9. Minimum type size of eight points 

A tghniar navigation chart was also prepared, since radio techniques are used 90 percent of the 
time in high-performance aircraft; little can be seen from an altitude of 40,000 feet, unless 
meteorological conditions are favorable. 

The next part in the development of adequate high-altitude charts under the program was to 
evaluate the two types of charts described above. The evaluation procedures included readability 
tests under daylight and night conditions and questionnaires designed to determine the pilots' opinions 
about which chart they preferred. The results indicated that both experimental charts tested were 
superior to the World Aeronautical Chart in presenting information for cross-country flights in jet 
aircraft. 


Recommendations for further improvement of navigation charts for high-performance aircraft 
resulting from the development program are as follows: For airports: (1) show only those which 
have jet-aircraft landing facilities; (2) represent airports by means of symbols which duplicate the 
runway patterns- (3) use colors which provide good contrast between airport symbols and their back- 
ground under low-level red illumination; and (4) place data notes close to their related objects. For 
radio facilities: (1) represent radio ranges, beacons, stations, etc., with symbols which are easily 
distinguished from each other; (2) make all symbols large enough to be perceived quickly, even under 
low-level red illumination; (3) use colors that provide good contrast between radio symbols and their 
background under low-level red Illumination; and (4) use different colors for radio as compared to 
airport information. For natural and cultural items : (1) represent city areas so that they stand out 
from their background; (2) pirint names cities in bolt, black typo against a pale background; (3) use 
shading to depict mountainous terrain; and (4) use symbols which differentiate between roads and 
railroads. In general: (1) use charts smaller In size and scale than the traditional World 
Aeronautical Chart; ( 2 ) make mileage scale readable from either end of the front and back of chart; 
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(3} print lnfgrsiuUoo is a type fare which la large w*J (x*W *.Kf#ih to be rand madly under tow*lev*l 
rad Illumination; (4) umterUka a Job analyst* to determine what taformaUon jikd* find neceeeary an! 
useful for )«t navigation; (1} do tnora research to determine optimum chart rolw*; and moat 
iBiporUat of all (c; confirm implrleally Uia theoretical Undtne* on vle ,kJ !ity <41 ubju.-t* from Mgh- 
parforsMuic* aircraft. 

It la Interesting to not* the character oC the fifth recommendation given hwt above »« nor* 
work la needed on color for chart*, in much id the worn uuing tow 19 JO* a, the principal consideration 
»M the problc.n of Illumination to relation to dark adaptation. The ma'ortty 0 f thee# aource* advleed 
red lighting If the illumination intensity wa* kept 'a! the minimum needed to read the a mail eel print on 
the chart. The dtCicully id reading charta under low-level red illumination la wnll known How can 
dm design aU-purpoe# chart* to mini mice thli difficulty? A relatively early mcdtilcattim wa* Uh 
change from red ink, which disappear 1 mdar red light, to magenta, which la fairly good under red 
light for navigation*! overprinting. Moat of the other occ«Mon*l change* In more recant year* which 
have **rr«d li> Improve red light legibility have been minor of tnrfttotiU to gome other god- Hdw- 
6 V«r 4 study **’» I mating from a research program *'"W , <‘ l * ha* been directed at 

the more epee tnr problem td red light legibility. Red cockpit light haa two -tar actor lattes which 
contribute difficulty: (1) restricted wave length range, and (!) low intensity. The (ir*t charartartotic 
destroy* the effect of color coding, md the second accentuate* problems of discriminating tine detail 
or small lirightoemi dUTersvree, The Information normally convwysd by color eating ha* to be shown 
under red Ugh! by each device* ks brlghto*** dtiJerepcpa, t w tt ore differences, and dtettncticc 
o-rttirsc. Or a r p rtiKfay Is dSfwr«SlHt«1 frow Its background by means id a brightness cHfirrenc* only; 

im small typs usdsr S.*55K tihimirOTtiiUV. to? .rMr»-TT~T~~«- T-in TT rm *r^ m.™, n» .* 

UfMJ Mttoi 'Mr* S |M 1 

Asaumtng red light filtered In ■ceortlancc with the auerUlcstliH.i for tin C4A cockpit iariji 

fitter- asd aa * iiaia ; jj.l 3 r H - ' — — ist 

bt I l L li r 1 Ww m ftiirr |?S(.fU Wflt? . 

In regard to general appearance : 

I. A eommrhat dfifsrent appear me* under rad light from that uniter while light, with remitting 
uhffto In ■alphas la, to to tm expect sd. Daetgn «f the ch art should be such that wader red light thoee 
foaturs* will be emphasised which are more uaalul for night flying. 

3. The red light aspect of the chart ahccid be compatible with the daylight aspect In nil 
Important respect*. Tf oryter tayjjgtrt !h# ClsvatlPn level* show h ay atero atlc cctinr proirra*nio«. muU* 

res ii^F, aej wnnuu sses a g /steweG c wni y progrewHon. 

In l agartl to are* tint*, the ue* 'f area Unto can tm modified in a number of way* to Improve 

I wfW ItW wtef ftj 

1. other thing* being agmal, Unto at Higher red light rsfisvime* seouW bo rhoem in preference 
to times at tower re*5eettsc». 

1 . tf Unto cf dtifsrsni dmutltiee are required, ae to the k yp o eo m etric scale, w*“ tU>\i id be 
ia aoch a way that toe lighter Unto fail when o**r p i i ntis* to most likely to be c o ne w* r at ed. 

3, The duseet area on a chart should have * red tight reflectance of not lass thar, 40 percent. 
Assuming * iwfleetance of sbwrt 5 percent few small type in dark bhta car black ink. Ibis provtda* a 
dtffereece fa reflectivity of 4# percent of ft* fell seal*, 

4. If two feature* *r» shows to to* as tm regtoe by overtopping area lints, a* elevation* and 
control sow** «r control prof* sad nan fa^a. li to damsai if not itspooettlv to adjust the dasnittea 
ea that tte itgihiitty gap tor ovarprimiag will be astototn e d and the *r*e ttoto will »leo be easily 
dtocrlmlneWi'. Therefor*, puck overtop 1 h ow Id be s wttie*. 

let regai'd to orerortothS, jiepliftig i sea he varied Wtthto acen*/ HmiU in density nf Mk, 
poetUm, sad drtaiSrSte^aa 1 ^ ti e tegs 

1 . iHWtorine mttjM be to ytwek or dark Ms* wot**# tuwi darwbVp larger than a-petof atpttoto, 

. m 





«. Sim a choice t* possible. position of lettering should b* adjusted !o arcomplUh two th'ngs: 

a To put Die leitert.ag on the available uacX* round 

b. To minimise Intent from grid Hass, streams, rwllroads, etc.. u lb la kind at intor- 
feranev Impel ra legibility more ussier low itsaa uwfcr high illumloslitr 

1 Among ths chsrmclsrlaiica a* type llh*ty to aft* cl legibility are alxf, rw. latter- wntih, 
at roke width. and Unter spacing. 

a. mtt is the moot critical of I Mar rhersiifrridiui under conditions of poor visibility. So 
far aa possible, type them Id be no smaller Hum 6-potat capitals la regular letter- width. 
The moat nearly comparable lower caaa alee la t-potat. CcndtMwd Mf.ar- widths ara 
laaa legible than regular Iftter-wtdlh* in tmiwr raw«««i» or tower caw. TM uoaaarad 
height or Inters la a «l**e poftri ala* will ntrj front on# hind of type to mooter. For 
precis I on. therefore, acini' mass araw w i t e ebowld hi weed, Tbs term "*-poW cagirttrla" 
u need heie la Intended to daelfaafe letter* abend (J.fctM inch high. 

b. Medium at robe- width anrl medium to wide letter spec Lag are usually optimal. 

4, Type slews end my lea are 'dt#S Tar enrttag. So far a* swwrtfrte. the codUw arwnfa***nt§ 
rhmild he roo nil paled tits n^mlirr cntdiUom to rair.unia* the arbitrary use at aartiraUr *tr«u .4 

!vps sr. tm&vond-.U ^iWiinm 

In rrgnr-ti to feif dliirrin4nafciliiv tA n^ustwio rrd rsfSpr. !»hi. iuiur , muiiitorw 

run nr indicated on the ijesla of prsaent knowledge. 

!. Conlraai ihuara i>e maximal as wfifc lettering. 

2. Shape should be distinctive In general oulUne, not in fine detail. 

!. Mnuwe awe snouts be -wse'nined, m l by over -all dimensions, but by dur.rlmtn ability of 
anielieat ro -tpnnwol that has to be recagnlawd 

4. The dee tern of symbols should be investigated more fully in relation lo their psychological 
fuwiinna end cord ft rone of uee. Red cuckpit 'Mjht, with the attendant poor visibility, la one irf th» 

important condition* at »»*■ 

Two esf/#r i menial chans .» mrciifK ation oj the World Aeronaut iral (/hart and an experimental 
rartiu lac i lily rtiartiwitre consiruc.iedM 3 to illustrate the principle# nrfrfl above and to demonstrate 
lechnhtufit that ralgbl ba uud to increase legibility under low-ie- ei, rad rockpit Hghf. 
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CHAPTER 15 


CATHODE-RAY TUBE INDICATORS AND THEIR USE IN INTERCEPTION AND BOMBARDMENT 


This chapter reviews the physical factors affecting scope visibility, stressing the importance 
of scope brightness particularly, and recommending that the operator always be given the opportunity 
to adjust bias and video gain. Human factors in CRT visibility are also reviewed, with emphasis, on 
the need for appropriate adaptation of the eye. At the end of the chapter, the use of CRT indicators 
in interception and bombardment is discussed rather fully. 


CATHODE-RAY TUBE INDICATORS 


Physical Factors Affecting Scope Visibility 

a ire nut display in**, rtn newts using cathode- ray tubes (CRT) usually belong to the general family of 
radar instruments. Two exceptions that should be notedare: (I) sometimes radar data go directly to a 
computer, with the scope presentation as the computer output; and (2) occasionally data are picked up 
through other media (such as infrared radiations) and fed either directly or via computer to the CRT display. 


On* family of visual problems is immediately apparent: the general problem* of visibility of 
CRT displays. Regardless of the use to which the Information is put, if it eanaot be seta clearly 
enough to be understood, there is no point in displaying it. Co nsi derable attention has been given to 
relating the basic attributes of human vicion to the peculiarities of CR~' displays, and we shall review 
the findings of such research. 

Remembering that our present concern is simply with the visibility of the signal on the scope 
face, let us refer back to the basic data on human vision and consider the curves given in Chapter 8. 
These curves relate the principal physical factors that determine how readily we can distinguish an 
object from a background. The curves of Figure 8.12, Chapter 8, were computed on the basis of the 
contrast required for detection of the target in half of tbj trials (50 percent probability). These 
data* 5 -d have been reworked for #9 percent probability of detection and are shown in Figure 15.1. 

The individual curves are fo* different target sizes expressed as target area in square minutes of 
visual angle. 


The important variables are the size of 
the object and U»e contrast (AB/B) between the 
brightness of the object and the brightness of 
the background. Note that the higher the back- 
ground brightness and the bigger the object, the 
less contrast is required for the eye to distin- 
guish an object. In other words, the eye is 
more efficient at detecting contrasts at hi gh 
brightness levels than at low. 

The physical factors that are important in 
determining cathode-ray tube visibility will be 
those that affect the size of the target and target - 
background contrast. Such factors include: 

1. Cathode -ray tube bias 

2. Pulse repetition frequency 

3. Antenna rotation rate 

4. Beam width 

5. Pulse len;;!?; 

6. Target ran , e 

7. Scope noise 

8. Scope size 

9. Scope resolution 

19. Ambient illumination 



ER1CHTMESS «» LOG nsL 


Figure 15.1 Contrast Discrimination a a a 
Function c:T Brightness for Various 
Target. Areas {from Baker & 
GretivarlS-3) 


These factors will be discussed below. M uc h cf the Information on physical factors affecting cathode- 
MJT Mm visibility has been reviewed sad intagraiediS-l 1 ? and the latter reference should be consld- 
•M the source of information la tbs following discussion unless specific references are made to 
other sources. In ad d i ti o n, several human factors (conditions of the operator) serve to affect scope 
visibility. These factors will be discussed later. 

Cat ho de -Ray Tube Bias 

Tbs single physical factor of greatest importance in determining signal visibility is the CRT 
****** for thl8 ceatrots the background brig htness against which a signal must be detected. Curves 
are abowu h* Figure 15.1 for wrkHj CftTMs* values that arc given as negative voltages with res- 
pect to the cathode. Bach curve shows the signal strength (expressed as db attenuation with a ref- 
*5.* ***'’* 1 volt) necessary to att a in various contrast values (AB/3P Since we consider a 

s itu a ti o n ideal for v i si b i lity or detectability when a weak signal will produce enough contrast to be 
*** ** * 8 - *f “** 3 weak sig n a l s (high attenuation) with high visibility or detectability. Note that less 
enwtyy, thus weaker signal. Is required for a givei contrast value on dim scopes than on bright 
ones. So the efficiency of scopes is greatest at low background*; while the eye i a nywt sJiicisnt 
at ugh backgrounds. 
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Figure 15.2 Detectability as a Function of Contrast, Rotted for Various Bias 
Voltages on Cathode-Ray Tube (after Moiganl5-17) 


“V logically expect that, when we combine the characteristics of scopes and of the -we 
wf **“ toeopiitmun CRT biM tor visibility to lie somewhere in the middle brightness area ’ 
Figure i 5. 3 verifies these expectations. For varying conditions of target size and phosphor decay 
UJ12 1 . f um “y s *f uld Ue to the range -15 to -17 volts. Figure 15.3 gives a art of three 

t Curves for each size show bias -detec - 

1 SecQ2d » 10 sscoads e* phosphor decay, these time lags 
brt^tatro«S«;edto allow for delays in perception and detection in the human operator. These 
^Actions, but e^ertmentd performed to determine optimum CRT bias 
;^ »V^^7 3itniUir current 5 -21 The theoretical curves are given hero to permit 
eatemtson Cf interpretation and prediction beyond tho conditions actually tested 


:HS SCC 


"O performance currss cf Figures 15.2 and 15.3 are computed for the P-7 phosphor an 
’'oustltm rate of 10 row, a pulse repetition frequency of 600 PPS. and a target 3 inches 

Tdnter of ■% ?.2— .neb «co». 




Although the data plotted in Figures 15.2 
and 15.S can be appliag.cply to the conditions lor 
which they were confNMd (ses footnote, previouo 
page), the relatioashipa among the variables can 
be expected to bold for other scopes. So we can 
generalize that CRT bias, target contrast, target 
size, and delay of observation are Important 
factors in target visibility. 


Pulse Repetition Frequency 

Let us consider target brightness is a little 
more detail, 2z? it determines contrast for any 
given background. The rate at which pulses are 
sent out, called pulse repetition frequency (PRF), 
determine* how many echo signals will come . 
back from theex tern al target in a given amount 
of time. Thus the higher the PRF, the more 
returns per unit time will strengthen the cathode 
ray. These pulses will add up on the sa>pe face 
to give a brighter target return. In general, aa 
increase in PRF results in an increase in target 
detectability. The change in detectability is 
greater for a given rate increase at low frequen- 
cies (below 300 PPG) than it is at higher fre- 
quencles, and the effect is greater or dimAccpes 
than on bright scopes. For the J*-7 phosphor, 
at 1/6-second delay, at antenna rotatfod spekdi af SandlD rpm, and at -16 vohs CRT bias (area of 
optimum bias), an Increase of PRF from 450 to 1000 PPS gives about 5-db Improvement in detecta- 
bility. The same change fin PRF at -ll volta (bright scope) has a negligible effect on detectability. 

Antenna Rotation Rate 

A second factor to be considered for its effect on target brigh t ness in the rate of rotation oi the 
antenna. Moving the scope sweep Has has the effect of "spr a y i ng" the electrons of the cathode ray 
across the scape face, am^everything sise being equal, the faster the spraying (higher rpm) the fewer 
the electrons hitting any particular spot on the scope face. This reduction in current density results 
in a weaker target The effect of changing rotation speed on detectability is greater on dim scopes 
than on bright scopes and great er at lower pulse repetition frequencies than at higher one*. On the 
scope described in the preceding illustrations at a PRF of 600 PPS, t hanging antenna rotation rate 
from 5 rpm to 30 rpm causes a 7-db loss in detectability at a bias of - 16 volts, and about 2-db loss 
at -11 volts bias. Changes in PRF and in antenna rotation speed do not change the optimum bias for 
detectability; they simply increase or decrease detectability ai this bias. 

Beam Width and Pulse Length 

We have already seen that the size of the target oe the scope face is important in determining its 
visibility (the bigger the target, the easier it is k> see). The width of the bears of electrons inthetube (beam 
width) and the amount of time the signal pulse is emitted (pulse length) both contribute to the size of the 
spot on the screen. The effect of Increases in either oi these variables is as increase in detectability, 
the response being nearly linear over a wide range of target sizes. 

Target Range 

The farther the beam of electrons is deflected from the cenierot the scope (the greater the range 
depicted) , the larger the size of the spot will be and the dimmer it becomes. This antagonistic comb ina- 
t ion of ' "cts nearly counterba lances , although ai ofrtimum brightn ess the size function is a little more 
effect! There are about 1 or 2 db of improvement in theoretical detectability when the target moves 
from l inch to 6 inchen from the center of the scope ured in the nrev*~ ^ SS m* * upica » 

Scope Nets© 

A .scope face is generally cluttered with random ;« ides i red signals from various sources. T hit; visual 
■ • : ndrin '<■> the fce.ckgro<'.r«d brightness and the signal brightn equally, the net effect being to 

-• c;<i -\<>- bickg round con) r&st. We have previously noted that cathode-ray tubes AvVatry dinlUQd 

« AdoQ 



car 2!&s in volts 

Figure 15.3 Detectability as a Function of Bias 
Voltage, for Various Target Areas and Percep- 
tion Tims Lags (after Jforgar.15-17) 
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low bac k gro u n d brightness es than at high; aoatdlm 1 ere la the benefits from the added brightness supplied 
by noise overweigh the loaaoadoe to reduction In contrast. At higher brightnesses, the reverse is true. So 
a little noise is actually helpful for target visibility on dim scopes, wh» reas It Is a definite drawback at 
higher intensity levels. Noise Serves to shift the optimum CRT bias, niece it contributes to the bias in a 
sense. So, If a noiseless scope had an optimum bias of >16 volts, with 2 volts noise the optimum bias would 
be >18 volts; that is, we make a dimmer setting to compensate for the brightness added by the noise. A com - 
plicatingtaetor more difficult to analyze is the nature of the noise signals. If they differ greatly from the 
target signals, targets should still stand out well; but if they look like the target signals, then they will tend 
to mssk them, decreasing detectability . 

Scope Sice 

The sice of a scope can be increased without any change in the si 2 e of signals --that is. Just to increase 
the area of coverage, fttcha change would not affect the Inherent vlalhility erf s ignals . However, a change in 
•cope size is usually accomtwrnied by aprepe: tissaic change in signal sice, in this case, we would expect the 
detectability of sigualo to Improve with increasing size, andfor laager scopes to be of more advantage than 
smaller ones with regard to visibility. The same results would be obtained with optical magnification of the 
scope face experiments rtsouir<n» operator* io read data from scopes (usually rang? asd bearing) have 
shown very little difference in accuracy between scopes ranging from 5 to 25 inches in diameter. 15-1 The 
general recommendation has been that a 6- or 7 -Inch scope Is adequate when plotting on the s cope face is 

not required. 15-22 

One compromise solution to sice problems is to put a magnifying lens in front of the scope . This has 
been tried successfully with the APQ-13and APQ-23 radars. I5"lu The magnifier was placed at the viewer's 
end of the shielding hood and effectively doubled the sice of the scope presentation. It also had the advantages 
of increasing the apparent viewing distance from 8 to 16 inches and of Increasing the apparent scope bright - 
ness, permitting lower gain settings. 

Scope Resolution 

The limit of resolution (ability to give two separate blips for two separate targets) on current radar 
equipment is well above the two -point threshold of the human eye. 15-6 in other words, even on small scopes 
the eye Is capable of perceiving much finer detail than the scope is capable of presenting. With improve - 
ments in radar resolution in the future, however, there may come a time when increasing scope size will be 
necessary to permit peroeetton cf all the details the equipment can reproduce. 

Ambient Illumination 


The ambient illumination of the area in which a 
cathode -ray tube Is operating can affect scope vist - 
bility through two concurrent activities. First, light 
falling on the screen will be reflected in part, raising 
the general brightness of the scope if the light is dif- 
fuse or causing annoying highlights If spe cular. 
Second, the Incident light acts in the same way as the 
cathode ray to stimulate the phosphor, adding an - 
other increment to the scope brightness. This com- 
bination of reflection and excitation is equivalent (as 
in the case of random noise) to raising the CRT bias , 
with a consequent loss of detectability at a given bias. 
The expected loss for the 1 - and 10 -second delay con- 
ditions of Figure 15.3 are shown in Figure 15.4 
(dashed lines) for the ca*,.. when the Increment in 
brightness due to ambient Illumination is equal to the 
light originally emitted from the scope. (The curve 
d -noting the drop for 1 sec lag and 1000 sq min target 
exactly over the original curve represent - 
u ; : 1 he 10 sec lag and 1000 sq min target area. ) When 
the reflected ilium !!>?♦!«« «• high with rcipo clio ihe 
or'giial brightness, we need consider only the signal 
- : 'equ ! '"o'! to give the necessary contrast 
' ■ ettothe reflected brightness — that 

; *'• , ' 1 ” • . C f-'T bfri# 



Figure 15.4 Detectability as a Function of Bias 
Voltage, Showing Losses Caused by Ambient Il- 
lumination (alter Morgan! >>-17) 
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The general rule given at present Is to limit tha increment contributed to scope brightness by 
sisbient illumination of 25 percent or lew of the original scope brighineaa.15-6 

In the aircraft, the pilot’s or bombardier' 3 work space must be used for a variety oi 
tasks in addition to scope reading, and scope requirements cannot be used to d^ermine the arob^t 
illumination. Furthermore, ambient iliuininatioa rariee considerably (such a* in the J* 

cockpit illumination between daytime and nighttime operations). Consequently, the scope f ^e must 
be shielded in seme way. The addition of a tube-like hood around Use scope face or the Installation 
of a smalt, heavy curtain tha* the operator can pull around him while using the scope are two of the 
means currently used for shielding airborne scopes. 

A more complex method of shielding the scope from the effects of ambient illumination is the 
use of a combination of phosphor, filter on the scope, and amfcifnt SSasjastlw sue- ««t t&e x^sr 
will abeorb.raiber than reflect the ambient light, yet will transmit the kiwi of light oy tne 

phosphor. Because of the various additional problems of cockpit and cabin illumination, this proce- 
dure has been applied to ground rather than airborne installation. However, because this system 
may be atari in future designs. Table 15.1 summarizes some of the more promising com- 

binations that have been investigated. 


Table 15,1 Sum mar y Table of Lighting Systems i3 ‘ s 


Ambient 

Light 

Sources and 
Filters 

CRT Scope 
Filters 

Scope 

Phosphor 

I 

Api<i 

Brightness 

Loss* 

I " 

1 

Advantages 

Disadvantages- 

Sodium yel- 

" 1 ■ ~ " i 

Didymium 


so?. 

No filter re- 

Color coding 

low source 
with no fil- 
ter. Energy 
emir » ton 

590b.\. 

filter ab- 
sorbs 5900A. 


63% 

l 

quired over 
source. 

limited. Yellow 
light disturbing. 

Mercury 

Red filter 


50% 

No filter re- 

Screen bright- 

light with no 
filter. 

Emission be- 
low 590GA 

which ab- 
sorbs en- 
ergy below 
8000 A. 

P-19 

! 

77% 

I 

quired over 
source. 

ness loss great. 
Color coding 
limited. 

Fluorescent 

Orange fil- 

P-7 

38% 

Screen 

Color coding 

with blue fil- 
ter. Emission 
below 5400A. 

ter which 
absorbs en- 
ergy below 
5400 A 

P-19 

15% 

brightness 

loss 

small. 

liudvcd. Blue 
li£fet is un- 
pheasant. 

Any light 

Polaroid 


65% 

Natural 

Rejected light 

source with 
a Polaroid 
filter. 

1 

| 

filter ori- 
ented per- 
pendicular- 
ly to source 
filter. 


65% 

lighting. 
Color coding 
unaffected. 

is depolarized. 
Much light con- 
trol necessary. 


"The screen brightness loss values are for conditions where the operators do not wear goggles with 
filters of the same type used over the CRT display. If such goggles are worn, tbe screen brightness 
loss is greater than the values given. The percent brightness loss for other phosphor and filter 
combinations can be easily determined by superimposing the filter transrpiseicc curve umi the phos- 
phor emission curve (both plotted ir. percent relative energy as a function of wave length) and cal- 
culating from these curves the total loss in brightness, (The phosphor omission curve should be 
in terms of percent relative photometric energy.) 
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HUMAN FACTORS IN CATHODE-RAY rUBF 
VISIBILITY 

Adaptatioa 

Probably the most critical single human 
factor in reading CRT displays is the state of 
adaptation of the eyes. As previously described, 
human eyes are extremely sensitive to chances 
in illumination, with pupillary, adjustments oc- 
curring for small changes, and the shift from 
light adaptation to dark adaptation taking place 
over large decreases. 

Under conditions of constant, or nearly 
steady, illumination, adaptation would not be a 
serious problem. However, in operational situa- 
tions, the operator must shin his attention from the 
scope to read other instruments, to look for con- 
trols and equipment, to make settings, to write data, 
and often to look outside the aircraft. Following any 
visual change, the return to Hie scope often finds the 
operator unadapted for the scope illumination, with 
a consequent loss is uli ability to detect targets 
on the scope. 



Figure 15.5 Masking Threshold Ambient Lumi- 
nance Plotted Against Trace Luminance 
(from Adler, et al!5-3) 


| A common misconception, slew to be discarded, has been that surroundings must be dark for 

optimum scope readii^l5-20 Experiments on scope reading following adaptation to illumination 
jjj levels higher than scope backgrounds have shown, as should be expected, that visibility is best when 
§ the operator is adapted to the level of the scope br^htne*s.l&“ 6 However, the loss in adaptation is 
•f tolerable when the operator must do visual work at brightness levels somewhat higher than the 
f scope level The general recommendation is to adjust scope level so that the higher levels of illu- 
mination that must be tolerated are not more than 100 times the average scope brightness. 15- 6 
This rule requires an average scope brightness of at least 20 mL(1.3 log mL) if the operator must 
also scan daylight skies as in the case of interceptor pilots. Emphasis is added, also, to the recommenda 
tier that the operator always be permitted to adjust CRT bias to optimum brightness settings as the 
operational situation varies. 


The recommendation that daytime interception scopes maintain an average background of 
20 mL means that a strong signal will be required for visibility to provide necessary contrast. It 
lias been determined!5-6 that with a background of 0.22 mL a contrast of r$0 percent vlog AB/B = 0.4) 
is necessary for immediate detection of a 1200-sq min target after exposure to a brightness equiva- 
lent to daylight skies. Previous discussion of this problem (Chapter 8) pointed out that, with the de- 
crease in required contrast with brighter background, we would not expect as high a contrast 
requirement at 20 mL background. Exact data are not available, but. noting in Figure 8.11. Chapter 
8, that a change of background from 0.22 mL (-2.34 log mL) to 20 mL (1.3 log mL' gives adecrease 
from 0.5 to 1 log unit in required contrrst, we can see that we would need at least 5 mL above back- 
groundbrightness for detectability and very likely more. The engineering problems posed by these re- 
quirements may make compromises necessary Ins^leotlng optimum scope characteristics. The 
principle to remember is that scopes can be read after adaptation to high brightness ievels if they can be 
made bright enough. Figure 15.5 shows the lowest ambient illuminance required to prevent a radar 
signal from being detected, plotted as a function of signal 1 ambiance. 


The problem is reversed under night flying conditions. Now the operator in his red- lighted 
cockpit is presumably dark-adapted, and our concern is with the loss of dark adaptation resulting 
from viewing a scope and its effect on performing other visual tasks at low levels of brightness. The 
general recommendation, of course, is to maintain a low level of illumination on the scone when 
feasible. Keeping the scope at scotoplc levels, however, is out of the question, for 
Chapter 8 that cone vision is necessary for acuity (perception of details). Figure 13.17 shows visual 
acuity s<>! a function of the background luminance of the acuity object at various retinal locations. 
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Just as red lighting lor general work space has been adopted as an aid in maintaining dark adaptation, 
the use of red scope signals might be a possible solution to the problem when a scope must be used at night. 
Table 18.2 lists the hues of the phosphors most commonly used for radarscopes. While there are no true 
reds (675 mu and greater), the P-19 peaks at 600 mu, and the P-14 has a secondary emitting layer 


Table 1S.2 Characteristics of Phosphors Most Commonly Used for Radarscopes IS -7 



! Peak Emission 

Persistence 

1 


Phosphor 

Wave 

length imii) 

Color 

(lime to decay 
to 1% max) 

Contrast ! 
Ratio 

Scanning 

Range 

P-7 1st stage 

435 

blue 

a few p sec 

- - - 

0.1 to 5.0 scans/sec. 

2nd stage 

570 

greenish -yellow 

3 sec 

20:1 

P-10 

Scotophor 

| 

t 

magenta trace 
on white back- 
ground 

1 

5 sec to sev- 
eral months 

1.2:1 

0.01 to 5.00 
scans/sec. 

P-12 

589 

orange 

0.5 sec 

20:1 

3 to 30 scans/sec.. 

P-14 1st stage 

— 

purplish -white 


— 


2nd stage 

600 

orange 

1 sec 

20:1 

0.1 to 5.0 scans/sec. 

P-19 

600 

i 

orange 

usable persist- 
ence 30 sec 

... 



peaking at 600 mp. Referring to Figure 8.2, Chapter 8, we note that cones are near maximum sensi- 
tivity with light of 600 mp, while rods are (relatively speaking) far less sensitive at this wave length. 
The P-19 phosphor (or others peaking in this region) would thus be ideal from the point of view of 
night .operations alone. Many other factors, however, must be considered in the selection of 
phosphors (such as efficiency, persistence, stability, availability, and expense), and a more flexible 
solution ro the problem is to cover the scope face with a red or amber filter. Any filter, of course, 
has the disadvantage of reducing signal and background brightness, requiring more power in the 
system. Table 15.1 contains a column labelled "Approximate Brightness Loss" that shows the 
effect on brightness of placing some representative filters over the scope face. 

There is a report*5-l'3 on the effect of CRT screens on night vision which is relevant here. 

A cathode-ray tube was simulated at varion colors and brightnesses. The test field was a white 
screen placed 10 feet from the subject. A circular area, 8 feet in diameter, could be illuminated 
at various brightness levels. The subject searched the test screen for three black discs subtending 
3 degrees, 1 degree, and 0.5 degree angles at the eye. To simulate radar, cathode-ray tubes of 
various colors were used in standard oscilloscopes; the generated pattern approximated the A -scope 
of a search radar. To measure recovery time, the subject looked at the CRT screen for 30 secs 
and then turned U) wic tv«i screen; the time is pick out oill-zuetied targets on the test screen was 
noted. The test screen was illuminated at 1C' mL (like sea on dark night) and 100 mL (like clear 
starlit sky). Cathode-ray tube screen brightnesses were 0.2, 0.042, and 0.026 candles /ft^. To 
measure the effect of glare from a CRT on the night vision of a man looking out across it, a CRT 
screen was placed in the subject’s field of view; the increase in brightness necessary to distin- 
guish targets on a test screen was measured. The cathode-ray tube was 16 inches from the subject 
and 30 degrees below the point of observation. On the average, recovery took the least time when 
a red CRT screen was used, only 10 percent longer with a ye'low screen, but nearly twice as 
long with a green screen. In no case, however, was recovery time more than 30 seconds. The 
effect of CRT glare on night vision was least with a red tube. A yellow CRT screen at lowest 
brightness and a red screen at maximum brightness both decreased visual range about 10 per- 
cent. A red tube, when dim, reduced range 5 percent, while a bright green tube reduced range 
40 percent. 


Tiie angle at which a scope is viewed will have some effect on detection, for extremely 
obli<iuo viewing angles foreshorten and thus reduce in sire the signals that axe to be detected. It 
is advisable to mount a scope so that the plane o» the scope face is perpendicular to the operate* o 
line of sight, but viewing angles up to 30 degrees can be tolerated if necessary* 5 -6 
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Training in Technique 


While the basic human visual capacities cannot be changed, the human being car oe trained 
to make the moat effective use of bis capacities. Training efforts on air“~ome rad\. are con- 
centrated more on identification of targets than on basic visibility. However, me attention is 
paid to training operators to make optimum saltings of scope parameters f r visibility and to 
develop the searching techniques best for detection. Two recommends^ .as can be died as ex- 
amples of specific techniques amenable to training and practice! 5 -5 

1. Whenever ambient lighting conditions change, set to- equipment for optimum visibility 
by setting the CRT bias so that pips become visible with *'.«* lowest possible video gain setting. 

2. In searching on a scope with a moving swe«v line, fixate cm the sweep or right behind it, 
holding each fixation from 0.5 to 1.0 sec in order to detect the weakest pips. 

The mctuaitui of such techniques in training programs aids the operator in getting the most 
from his fundamental visual capacities. 

In detection, the Dumber of sightings of very faint targets depends in part cm whether the 
operator considers it more Important to risk missing real targets or to risk reporting non -exist - 
ln 8 ta* E*ts. There is some evidence that, with proper instruction, subjects can be "set" to re- 
port targets gt i lersr confidence leva! u*ui they would normally mopi, and that this lowering 
cf criterion actually results in more correct sightings. Perhaps the training of radar operators 
could include instruction and practice that would result hi establishing a criterion of detection 
yielding higher detection performance. 

Annoying and Fatiguing Factors 

Just as training optimizes the returns from basic visual functions, annoying and tiring factors 
can reduce the returns by decreasing the probability that a warn* signal will be detected. The 
cumulative effect of tension, boredom, danger, long periods without rest, and the like, referred 
to broadly as 'fatigue;’ is a decrems n t in the efficiency and accuracy of performance of almost 
any kind of task. Certain scope factors can add to this over-all effect and should be avoided when 
possible. Among the more important scope factors are: 

1. Poor CRT and bias settings, necessitating frequeri light -dark or dark-light adaptation. 

The annoying Yiash" of blue-white light each time the sweep line crosses a target on 
a scope with a P-7 phosphor. 

3. The eye movements required in following the rotating sweep line cn a PPI scope. 

necessity for a large amount of accommodation and convergence when so ace reauire- 
ments force short viewing distances. 

5. The effort used in trying vainly to bring to clear focus the blurred images resulting from 
limitations in scope resolution. 

Precise evaluation of the effects of these factors has not been made. It is recommended, 
however, that they be avoided when possible b" incorporating in the design of systems adequate 
control of bias and gain, control of ambient illumination through filter and screening, adequate 
viewing distances, reasonable work periods, and the like. 

INTERCEPTION 

In instrument flight, air -to air visibility problems resolve themse 1 ' •: 

occur during an Interception mission. Interception on instruments introduces nothing basically 
new in vimial problems. However, each type of mission does present visual problems more or 
less typical of the mission, where particular visual factors assume special importance and where 
particular interactions of factors become critical. 
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The instrumentation that is specific to Interception falls almc at exclusively into the category 
of instruments using cathode-ray tube displays. The visual problems specific to instrument inter- 
ception then reduce to problems of reading and reacting to information displayed on cathode-ray 
tubes. 

In an interception mission, the pilot (or the observer in two-place interceptors) must first 
locate a target on his scope. Be is generally directed to the vicinity of the target by a ground con- 
trol unit, and thus knows about when and where to expect Us target to appear. However, the pilot 
or observer must first detect and then identify the target return. Having located a target on 
the scope, the general procedure is then to set an I n d i cator on the target by manipulation 
of ha»d controls (lock-on) and then to fly the aircraft in such a way that errors presented 
on the scope ar* nullified Both of theoe functions involve the kind of eye-hand coordination 
tasks generally labelled as 'tracking." Details of data presentation and operator response vary 
from aircraft to aircraft, but all types of instrument interception practiced today and contemplated 
tor the near future car: be described in terms off identification and tracking. 

In regard to problems of interception, the operator might be aided in his search phase by 
the addition of equipment that eliminates eve rythin g from the scope that is not moving (MTl), by 
adding a signal given off by friendly aircraft or by coding critical returns electronically. 

In a sense, this last aid is provided by means of the symbolic displays produced in feeding signals 
through a computer before bringing data to the scope in attack phases of interception. Regarding 
the coding of signals in general, it is possible to use any off a number of modes as a code dimen- 
sion. For example, there has been some **p»»*ti»^*»tUMl 5 ‘'!3 with color coding off s ign als as an 
aid in reducing confusion (the operator flying the red ring to the red dot and ignoring signals of 
any other color, for inster.ee). Color coding, of course, introduces ail the problems of color 
vision discussed previously (e.g., Chapter 8), and these basic characteristics must be taken into 
account in a color coding system. Of particular importance is the effect of arable* t illumination 
on colors; color coding in a red-lighted cockpit would be difficult and, at best, very restricted 
in number of code steps (discriminable colors} that could be used. Table 15.3 summarises the 
major visual coding methods! 5 -6 that might be incorporated in airborne systems. 

Some preliminary investigation! 5 -* has been made of sounding a warning bell or buzzer 
when a rew target is picked up by the system, or when the sweep line passes over a friendly 
target (IFF). Early results suggest that such auditory coding is feasible. 

The use off MTl, IFF, or various coding signals generally requires too much auxiliary 
equipment for airborne use today, but developments along these lines can lead to improved identi- 
fication in the future, and some systems are now in use. 

Considerable work has been done in evaluating various aids for precisely locating points 
in radar displays. Under various circumstances, overlays with grids or other information, cur- 
sors, strobes, aiming dots and rings, and the like, have proven effective. Many off these aids have 
been devised primarily to help determine azimuth, nearing, and altitude readings and typically 
do not apply to interception problems. 

Table 15.3 Summary Table of Coding Methods^ -ft 


Code 

Number of 



Dimension 

Code Steps 

Evaluation 

[ 

Comments 

Color 

11 

i 

good 

| 

Objects of a given color quickly 
and easily identified in a field 
of various colored objects. 
Little space required. 

Numerals and 

unlimited 

good 

Number of coding steps unite- 

letters 

i 


itod. Requires little space 

if there is good contrast and 
resolution. 
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Table 18.3 Summary Table of Coding Methods 15-6 (cont) 


Code 

Dimension 

Number of 
; ' C0de S4pe 

Evaluation 

Comments 

Geometric 

figures 

15 or mot’s 

good 

Certain geometric shapes are 
easily recognized. Little space 
required, if resolution is good. 

Are: 

5 

fair 

Requires considerable space on 
display. 

Visual number 

6 

fair 

Requires considerable space on 
display. 

Length 

4-5 

fair 

Limited number of usable code 
"tens. Will clutter a display 

with many signal w 

Angular 

orientation 

12 

fair 

95% of the estimates will be in 
error by less than 15°. 

Brightness 

) 

' 

3-4 

poor 

■ ■ | 

( 

Limited number of usable code 
Stepc. Poor contrail effects 
will reduce visibility of weaker 
signals. Fatiguing. 

Flash rates 

5 

poor 

Distracting and fatiguing. Inter- 
acts poorly with other codes. 

Stereoscopic 

depth 

? 

fair 

Realistic method of coding 
range or altitude. Requires 
complex electronic displays. 


The typical presentation for interception is a symbolic display consisting of a small circle 
(the operator's aircraft) to be kept centered on a moving dot (thetc:,_l' ; with a a ingle range ring to 
represent target distance. The position ufa break in the range ring (read as position on a clock 
face) gives rate of closure. A straight line represents the horizon. There appears to be little 
literature of an experimental nature comparing such aids with other possible typos for effective- 
ness. The little literature available la concerned with tracking more than with identification. 


... Most of the literature an tracking does not apply directly to problems of interception, be- 

X cause the classical laboratory studies have been done in vastly simpler circumstance? than pre- 

| vail in airborne combat operations. Much work has been done on direct tracking, where a moving 

r<r element erf a display duplicates exactly the directional movement of a control with a constant 

ratio of display -control movement magnitude. This simple kind of tracking is encountered opera- 
tionally only In the lock -on phase of some interception procedures, where the follower spot or 
cross-hair is moved onto the target by tianipulation of a joy -stick type control. Experimental 
investigation of direct tracking with a joy -stick ha* shown the procedure to be speedy and ac- 
curate. 


Some interest has been shown in comparing various types of control devices for their re- 
lative effects - ‘.r speed and accuracy of tracking! 5 -7 The aforementioned joy -stick has 

been compared with the roti*«g-ball control. When small setting movements were necessary, 
both controls were equally fast, but the joy-stick proved to be the speedier control for longer 
control movements. A free-moving, hand-held stylus that is moved like a pencil across an elec- 
trically conducting glass plate has been shown to be faster than the joy-stick, although no more 
accurate. Other types of controls that have been used include handwheels or cranks, and a light 
gun (a pistol -like variant of the free-moving stylus). No one type of control can be recommended 
as superior under all conditions. However, If other factors dictate a particular typo of control, 
HMsonnh-? '-ry human performance may be expected from any of the above types. 
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Most of tbs irackit* in combai operations tails into the category of aided tracking, where the 
display responds to control movement in t fsetion, but with a velocity compon»»* •***! that permits 
relahvety eateosive display movements ia response to small control movements. Even this situation 
grossly overelmpliHee the situation in flight operations, because the display movement is the 
rog^ q{ the complex maneuyerii^ of the whole airplane in response to many other fac, — 's baside 
the stick cuottoau So the studies of aiding time constants and the 1 Ike are not applicable here. 

*The most relevant arSa df experimental literature is that concerned with "fly -to" vs. "fly -from" 
types of display -control, relations. This area is discussed in the chapter on instrumentation. The 
general roniwumn of the studies is that "fly -from" displays are more "natural" than the "flv-to," 
are learned more readily, and produce fewer errcrs.15-6 There is evidence that transfer from "fly -from” to 
"fly -to" is difficult, but transfer is good from "fly -to" to ’Tly-from," suggesting that re-education 
from conventional "fly-to" instruments in use today would not be as serioas a problem as some 
would make it.15-19 practice of abruptly changing from one type of display to another in the 
last few seconds of au interception attack is considered undesirable in an evaluation of human factors 

In bdercepUorJS-11 

• ■ ■ ' ■ 

BOMBARDMENT 


2d tbs uanTuunu bombin g sicuaiioo, many lactova differ from the interception problem, es- 
pecially with regard to the fact that we are dealing with a stationary rather than a moving target. 
However, in the final analysis, the bombardier's two major functions are identification and 
tracking. Identification of target or aiming point is more difficult, generally, then in inter- 
ception, while tracking is relatively simpler with the stationary target, but the functions remain 
the same; only the emphasis differs. 

Just barely seeing % signal on a radarscope is generally not enough in bombardment. The 
operator must recognise what is seen and react to it properly. Thus, the problem of target identi- 
fication warrants consideration. 

Identification involves interpretation from a heterogeneous collection of areas with different 
brightnesses. Psychologists have named this process of Interpretation "perception," and a great 
amount Of experlirafttal.woifc has been done in the area of visual perception. It seems that the es- 
sence of visual perception consists in breaking up the gross mass of stimuli with which one is 
continually bombarded into clusters, groups, or patterns of stimuli which have meaning of some 
kind through past experience with similar patterns. Thus, we may be stimulated by stimuli 
descrihable a* <Bff«Sntkiiidsandshapesofb.ae, white, green, light, dark, etc., but, because these 
stimuli form a familiar pattern, we perceive a tree against a cloudy sky. 

hi the case of interpretation of radar displays, the characteristics determining the patterns 
most crucial for identification purposes are form characteristics. The following discussion is 
concerned with factors affecting the operator' s ability to distinguish and identify forms in the 
scope presentation. 

d course, most of the factors that affect visibility of signals also operate in affecting form 
perception. Wind has been said previously regarding contrast between signal and background as 
a function of CRT bias, signal gain, and the other equipment parameters, as well as such human 
factors as adaptation, training, and fatigue, holds with regard to identification. There are, however, 
additional factors in identification that be controlled to some extent in equipment design or in 
training. 


First, let us consider some relevant characteristics of human form perception. Everything 
else being equal, there is a general tendency for larger forms to be more easily recognised than 
smaller formsl5-12, 15-15 Shape, of course, plays an important part inform recognition. That is, 
some shapes are more easily recognized than others, and similar chapes are more likely to be 
confused than are different shapes,! 5 -9 


One atudy!5-15 0 f shape recon* 

follows from "easy" to "hard" to <iis< 
and •-.•llipfia. Those most frequently c 


on PPl-sccpes found that the shapes studied ranked as 
late: triangle, circle, trapezoid, square, rectangle, 
td were: circle and ellipse, square and rectangle, 
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asd triable and trapezoid. Witt more complex shapes, those symmetrical about a vertical axis (up- 
rise* Scores) axe mare easily recogsised than those symmetrical about * nGrizontal axis Hying 
down)/^* Another Important determiner of form recognition is its familiarity. We can recognize 
a masher or a letter under conditions where less f a mili a r forms might not be recognized/ u-i* 

The factors above were mentioned as if owrs task were simply to lot* at a single figure ar«i 
teU whether or not he can Identify it Generally, a scope operator’s ‘ask is more complex, involving 
the recognition of a particular form in a display containing a variety of forms, iisecifically, in 
the case of the bombardier, the task Is to identify certain forms (orientation points, aiming points, 
target areas, etc.) that he esMcta to see. diffireeririins them fi*s sr=rr eam«=g forms. The factors 
given dbove (size, shape, familiarity) operate also to help pick out a desired form from a mixed 
field of forma, but they are not always of primary importance in operational situations. 


fa predicting what form will stand oat meet clearly from its background, the difference be- 
tween the form to be Identified and the surrounding forms Is of primary importance. Wte have al- 
ready noted the tenden cy fox' Similar forms to be confused with one another Sc it is readily ap- 
parent «»*, although a triangle is more accurately identified than an ellipse when either appears 
In a fairly uncluttered field, an uliipee would stand out better than a triangle in a field filled with 
triaivles. The uniqueness of a form. than, in impnrt«n* in determining bow readily it can be iden- 
tified. Shape and size both contribute to this ariquenew. So, tte selectton of aiming points con - 
■ inWnp of or with unique returns on a radar scope will increase the probability of cor- 

rect Manty.cctfan cr, a mission. 

Nois« or clutter in a bac kgr o u nd will reduce contrast and obscure the contours of forms to be 
ideatiTied. ioenuiicaiicn gets worse, the more confusing forms there are in the field, and the less 
time there i* to locate the deeired form^S-8 AKoough experimental evidence is sparse, it is 
reasonable to preAct that forms resembling the forms encountered In noise and clutter patterns 
will be more seriously masked than forms not resembling the clutter/5-2 Thus, it would be un- 
wise to depend on identifying an aiming point in an area whose returns closely resembled typical 
cloud returns. 

It is misleading, however, to consider the aiming -point problem simply in terms of picking 
out a single form from a heterogeneous field. Actually, the Wnoie field is a pattern, and when 
critical elements of the pattern can be identified, they can be used as secondary cues leading to 
the aiming point That is, many unique returns oo a scope, of known bearing and distance from 
the aiming point, may be utilized as orientation points to aid in locating the aiming point and in 
verifying the point chosen as the correct one. These secondary cues, then, serve as integrating 
factors rather than as distracting, confusing, or disintegrating factors, and the probability of 
correct identification is Increased if tSw details of the over-all pattern are studied and inter- 
preted. 


The scope pattern on a bombing mission Is continually c h a n gi n g. As the target area is 
approached, it will first be identified by a gross pattern, with many unique areas serving to locate 
the more localized target area. As the target is approached, its surrounding area expands on 
the scope and the gross return breaks down into finer returns, permitting increasing precision 
In the location of the lining point So there is a continual change in the forms to be recognized 
and a continual breakdown of the pattern being interpreted. Here the principle of familiarity as- 
sumes importance; ‘he mr: r> lorms the operator can anticipate, and the more thoroughly he has 
studied predicted returns, then the mere familiar the patterns will be a a ihsy develop, and the 
more readily the critical elements will be located. A study 15-10 of errors in identifying aiming 
points has clear ly demonstrated the importance of stressing target patterns and optimum equipment 
settings during mission planning and of utilizing secondary cues in all phases of a bombing mission. 


With this information, what can we say about the design of radar systems with regard to 
maximizing the speed and accuracy of identification? First, the sharpness of resolution of the 
system is important. Many studiesl5-12 have shown that identification of forms improves with 
the sharpness of the contours. Stoce current equipment doe* not yet approach the degree of 
resolution possible with the eye, equipment improvement r.n- j be expected to result in improve- 
ment in identification. Anything that will improve the faithfulness with which the various system 
components reproduce signal changes should result in sharper images. Increas: ig the sensl- 


3-59 


Best Available Copy 


tivlty of. lobe pattern* through refinements In transmitter systems and antennas should lead to im- 
provement in identification. 

A study*®"*® of transition tones between areas of different brightness on scope f*ces has 
emphasized the .importance of brightness gradients between areas in determining the detectability 
the brightness difference. Apparently the human observer can reform and sharpen the gradient 
of light separating a return from the background illumination on a radar screenl5-16 and visual 
resolution may improve on the equipment resolution. This study suggests that, after a certain point, 
decreasing the gradient of brightness between a return and background may be less effective in im- 
proving visual resolution t h a n electronically "sharpening’' or "emphasizing" discontinuities in the 
gradient. These f i ndin gs may account for the fact that aiming -point identification improves with in- 
creasing scope size even though scope resolution remains unchanged. A study 15 -11 of the problem 
of target identification in radar bombing has shown that aiming -point settings are consistently 
more accurate on 12-inch t h a n on 5 -inch scopes. When space occupied by the equipment is a 
critical factor, a 7- or 8-inch scope should be a satisfactory compromise. When larger scopes 
are permissible, however, they would be desirable. This line of development will require con- 
siderable future study before specific recommendations are possible. 

Identifi cati on is frequently aided when the operator can turn dean his gain so that irrelevant 
*w»k Background returns, and noise, disappear from the scope, leaving fewer signals to discrimi- 
nate among. This te chniq ue demonstrates the importance of predetermining what features in an 
area will give strong returns, and it emphasizes once again the need for permitting the operator 
some freedom in adjusting g ain 

At the time of writing, the typical aid for bombing location is a single azimuth radius and 
a single range ring whose intersection forms a pair of cross -hairo to be centered in the aiming 
point In bombing, however, the operator most take his display as be finds it, and the major activity 
he cam undertake that will pay off in improved identification is his preparation for a mission 
Great Importance must be attached to the prediction of what the radar picture will be like. Radar 
recotmai# «nce photographs of the target area are of prime value. Without this information, how- 
poeeible to dmhace roughly from ma p s , aerial photographs, and other intelligence what 

ch^actariatic. should be. Remembering the importance of uniqueness, familiarity, 
ana target patterning; we can recommend the following procedures as vital to accurate target or 
aiming point identification; 


1. Using all infor m a ti o n available, determine beforehand what the radar picture will be at 
various points on the a ppr oach and on the bomb run. 

2. Select an aiming point in terms of ease of identification. 

a. A point giving a unique return with respect to its surroundings at close range 

b. A point that will be part of a larger unique return at longer ranges 


3. Determine a number of secondary cues -- unique natterns at kno" m 
from the aiming point 


range and azimuth 


4. Become familiar with the gross and fine patterns of tbe mission by thorough study. 

a. Learn the unique forms the target area and aiming point will assume at various ranges. 

b. Learn the unique forms of the secondary cues. 

c. Learn the pattern formed by the aiming point and the secondary cues in combination. 

v l*® 86 pattern8 . and form3 they are likely to appear from various axes of 

attack. (Rotation of a form c&c decrease the case of J dentil £5 Bxzaexnhcr also that th* 
radar returns from a given object are different in different tiirec**on« 1 


Application of these rule* should minimise errors in aiming-point identification by •minimizing 
the disruptive effects of noise, weather, clutter,. ECM, and the like, although there is no remedy for 
a badiy obliterate * picture. 

Training is extremely Important with regard to target recognition, since identification is so 
much a developed skill rather than an inborn capacity. With regard to the visual problems of 
identification, training should stress: 

1. The techniques listed above for minimizing failure to identify targets or aiming points 

2. Techniques of equipment adjustment for presentation minimizing noise and clutter 
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GLOSSARY 


aberration of light - the passage of light by path* other than those making for the efficiency of an 
optical system (including that of the eye), and exclusive of the effect of poor adjustment of focus. 

accommodation - the process by which the lens of the eye adjusts to objects at different distances by 
changing Its curvature so that the image is focused on the retina. 

achromatic - lacking in hue and saturation. Achromatic colors vary only in brightness, from black 
to white. 

acuity, visual - the ability of the eye to perceive form ar.d detail in a plane perpendicular to the line 
of sight. 

adaptation - a change in sensitivity to a stimulus following continuous exposure to the same stimulus. 

adaptometer - any device for measuring the course or degree of sensory adaptation, in terms of fall 
or rise cf threshold or scssitlvity # 

additive color mixture - type of color mixing In which the colors, that are mixed, all stimulate the 
same retinal elements. This can be accomplished by viewing overlapping light beams projected 
on the same surface. 

AOCA - "automatic ground -controlled approach," 

ambient (illumination) - encompassing on all sides. 

amh in ocular field - the total area that can be seen by either eye; it is no* limited to the binocular 
field but includes, In addition, monocular regions visible to the right eye but no* to the left, and 
vice versa. 

ae»trop«» - * ges-ral tens embracing any sort of regular refractive defect in the eye. 

analysis of variance - a method for analyzing the total variance in a set of measurements into its 
component variances or parts which may be attributed to varying experimental factors. 

anisometropia - unequal refractive power in the two eyes. 

aphakia - absence of the crystalline lens. 

aqueous humor - a transparent, watery fluid, which fills the space between the cornea and the taw in 
the anterior part of the eye. 

A-scope - a radars cope that presents the target range by a vertical deflection of the time base, or, 

In certain modified versions, by a horizontal deflection. 

asthenopia - tired or fatigued feeling of the eyes, usually expressed bp a burning or ifceMag sensation 
In the eyes and occasionally accompanied by a low, frontal headache . 

astigmatism - defect of the eye. Two types are recognised: regular, in which the error is (tee to a 
greater curvature of a refractive surface (chiefly the cornea) in one meridian, and which may be 
correct bv a cylindrical ienn; aad ii tegular, in which the refraction is irregularly une q ual 
within the pupillary area and wtofcli Is not correctable except by contact lenses. 

attenuation - the decrease of an electrical signal; the procesr <t decreasing the power of anelectrical 

signal. 



GLOSSARY (Cent) 


Attitude - the aspect that aa aircraft presents at any given moment, a= determined by ■•= isciimm-.. 
■.1 . jjjj Ai*w mUrSwtivwiy, as in aruturie indicator, attitude instrument. 

rural signal’ »• Ai tnel shlcb nntat be board by the ear and be interpreted without benefit of visual 
instruments. 

.rimnth - fcoortng in the horixoatid plane, usually expressed as an angle, and in air navigation 
measured clockwise from true north, grid ssrth, or magnetic mirth, from 0 C to 330 c . 

Man - the direct -current voltage between two elements of a vacuum tube: grid bias. 

binocular field - the field of vision of the two eyes acting conjointly. 


blind spot - a small area in the retis: 
not sensitive to light sticv-latiou 


iiC Optic 2,ciVc ibMvOo iis; eyew<ai. i**c 


brightness - i attribute of visnal sensation determined by intensity of light radiation reaching the 
eye. S o me t imes called lightness, tint, or value. Refers to variations along the achromatic 
scal e of frfs-fc to white. 2. photometric measure of light emission per unit area of a luminous 


body or of t translucent or reflective surface, i.e., candlepower per tmit area. 

BuAer - "Bureau of Aeronautics.*' A Navy bureau created in 1921, charged with matters pertaining 
to naval aeronautics as may be prescribed ey the Secretary of the Jfcvy. The Bureau of Aero- 
nautics has the responsibility of designing, procuring, and m ai n tai n ing Navy aircraft and aviation 
equipment. 

; -y‘i • * 

candle - unit of light intensity. At a distance of one foot, one candle produces an illumination of one 
foot -candle (equivalent to one tame* per square tact) upon a surface normal to the beam. 

cathode-ray indicator - a cathode-ray tube with a calibrated screen to indicate position. 

cathode-ray screen - the laalnesce at screen of a cathode-ray oscilloscope or tube, which receives 
the cathode-ray beam. 

cathode-ray tube (CRT) -* v ac man tnbei n which thedeflectica off an electron beam indicates on a 
fluorescent screen instantaneous values of the actuating voltages or currents. 

..y z. -IV : \ . r 

OAVU - [ Pronounced as & word] "ceiling and visibility unlimited.” 


ctdasma - the junction point of the optic nerves, from which they again diverge and pass to the re- 
spective c ere bra l hemispheres. ha the human eye, the fibers from the nasal half of each retina 
cross at this point, the remainder going to the hem i sp here on tba same side. 

choroid - the intermediate c£ the three layered the eyeball, situated between the sclera and the 
retina. 

Ciu uuic - synonym for color saturation. 

ciliary body - an annular mass of unstriped muscle fibers, which surrounds the eye-lens and regulated 
its curvature, thereby accommodating (focusing) the eye for vision at various distances. 

color - visual sensation determined by interaction of wavelength, intensity, and mixture of wavelengths 
of light. The corresponding attributes of color are hue, brightness, and saturation. 

colorimetry - a method for measuring colors end specifying them in numerical or definite symbolic 

term*. 


OUJSART'CcsS 


cofantemaatary color - color which, whsn combined with another cdor, and meting together with it on 
th* re tiH i out tht tefe and >atnntjnr o( the ae coral color/ ao that the total effect of tte 

c ombtaa tio h nvHcbss an achromatic stinsJus, giving & white or gray sensation . 

coni - stractnres fou nd la the retina of the eye that constitute specific receptors far vision at high 
levels c? !!ksiatioo and for color fttkn. 

cont raat - difference in brighte n b e tw een two portions of visual fields usually expressed in experi- 

mental procedure as 

c - 3 ** c *f rOMnd 1 x 100%. 

^background 


AlsOi in apuuvni brightness cJ color of a visual field as a result of recent stinraJatloo of 

this field or a neighboring ooe; effect is to enbaaee oppo sing characteristics . 

convergence - the turning of the two eyes toward each other so that their respective lines of sight 

neet at a point in space. Timm, the image is fc^aied at corresponding regions of the two retinas - 

cornea - the tra—pareat portion of the enter cost of the eyehnil, situated ia front of the iris and con- 
stituting tte tint of the ref -active media of flsa eye. 

correlation - the tendency of certain paired measures to vary . 'mc.jmltanlly, so that k&owlsdgs of 
the valne of one measure gives Information as to the mean value of all meesurea paired with 
that measure. 

critical ratio - a statistically determined number that indicates the significance of toe change in 
results obtained fey varying an experimental condition. U CR - 3 or more, there is practically 
no chance that th» difference obtained could be obtained by chance variation alone. 

CRT - "cathode-ray tube." 

cues - ctUasli which puds the organism's responses, c. g., highlight* and shadows in depth percep- 
tion. Sometimes referred to as elaes. 

dark adaptation - process whereby the «ye attains greater sensitivity to light placed in an illumiratioa 
tower than that to which it was previously erased. 

dtc:bsl - ^^.ressing relative levels of intensity or power. 

diffraction - bending a! a portion of the wave-front behind the edge of an obstacle. 

diopter - measurement of the focusing power of a lens according to toe reciprocal of the focal length 
of toe lens. A lens of one diopter focuses parallel rays at 1 meter. 

diplopia - any condition of the ocular mechanism in which a single external object is seen double . 

Ji-ergeace - the turning of toe two eyeballs outward with respect to each other, or their movement 
from a position of greater convergence to one of ten . 

SCM-1. ’’electronic countermeasures)." ". "electronic connle rmcr-svre mission." 

emmetropic - the normal condition of the ocular refractive- eysiszz, in which rays from distant objects 
are focused Aha.rpiy or. the retina o l tfse ®yo, while sccossmodstica to related. 


GLOSSARY (COnt) 


etfntowJ - outside ol the fovwa 

faadtoa p^«* - pofat is the visas! field at which the observer is looking directly. It is the point whose 
image *»»■ on the canter of the fovea. 

Ciejeer, visual - a ttydd periodlc change in a visual impression, due to a corresponding rapid cyclic 
change in the inte n si ty or some other characteristic cf the stimulus. 

flight simulator - a device that simulates any or all of the conditions of actual flight, used especially 
for training purposes; specifically, any ground trainer. In a broad sense, the term "flight simu- 
lates:" could fcs applied io s castrtfuga or to a low-pressure chamber. 

focal leng th - a characteristic of a lens or other focusing optical system, being the focal distance for 

pajcmlial s a b erin g ra y s . - 

fovea - a small depression in the central region of the retina, containing only cones. 

g- shpdagf ! ■— ** ^ as—" — aska* 1 % is the acceleration due to gravity <32 ft/sec^). g is often used 
to rep resent the force an the body due to acceleration. By convention, positive g is the force that 
drives the Wood from the head to the foot (as in a pHot pulling out of a dive); negative g is the 
farce drives the blood from the foot to the bead; transverse g is the force that acts on the 
body from frost to hack or vice versa. 

GCA - "g r mmd .. ivtwJM approach " Also attributive ly, as in GCA controller, GCA equipment, GCA 
landing, GCA weather, etc. 

GCI - "g«u^-<»<drolted interofptior./' 

gyro horizon - 1. an arttfletsl hoTiacr, 2. a flight indicator. 

he te rophoria - the tendency cf either eye to deviate abnormally from its position of fixation when 
fasten of the taro images is prevented; muscular imbalance. 

heterotrepia - the failure of one of the two eves to take its proper position of binocular fixation with 
reference to the other, due to defect or lack of control of toe extrinsic ocular muscles. 

hue - the attribute cf color iietermlned primarily by tbe wavelength of ligid. entering the eye. Spectral 
hoes range from red through orange, yellow, green, and blue to violet. 

hyperopia - sy n o nym fra- farsightedness; a defect of the eye such that, with accommodation relaxed, 
parallel rays of light focus behind the retina. 

hypoxia - oxygen deficiency' in the body tissues. 

IFF - "identification, friend or foe." 

HAS - "instrument low approach system." 


illuminance - the flux striking a surface, measured in lumens per unit area. 


illusion - a misinterpretation of certain elements in a given experience, so that tte experience does 
not represent the objective situation. 

ILS - "instrument landing system. ’’ 




GLOSSARY (Oont) 


intensity - 1. the quantitative attribute or value of a sensory process or unit, correlated in general 
with the intensity of the physical stimulus. 2. flux per solid angle from a point source measured 
in lumens per steradian. 

inverse square law - illumination varies inversely as the square of the distance of receiving plane 
from point source: 


E * -L. 

d* 


where E - illumination in loot-candies 
I * source intensity in candles 
d = distance in feet. 


trie - a flat, ring-shaped structure situated within the eyeball immediately in front of the lens, con- 
taining nnstrfpad muscle -fibers whose contraction and relaxation regulate the amount of light 

ad m i tted t hro u gh the pupiL 

isopfer - all the points at which £ threshold level of performance is obtained, plotted on a chart of the 
visual field, so that they form an irregular ring around tfemcenter of vision. 

J®** Potte eabte difference (fnd) - a difference Il men , The least amount of* stimulus which, added to or 
subtracted from a standar d stimulus, produces a just noticeably different experience. 

heraioconua •• conically bulging cornea. 

Ismbert - unit of brightness; it is the brightness of a perfect diffusing surface giving out one lumen 
per square centimeter of surface area. 

Landott ring - a ring with a small gap at one point, used to test visual acuity by having observer report 
orientation of the gap. 

lens - the transparent body, convex on its front and back surfaces, situated just behind the iris and 
pupU of the eye; it serves, through changes in its shape brought about by the action of the c’liary 
muscles, to focus the eye for different d a nc e s, 

light - radiant energy that arouses visual sensations. 

1*80 - 'landing signal officer." 

- — * * »— « - - - — *<-- 

005 fflr " !,on 

M dipec,to,a, ,rom each • ■<*- 


luminous flux - analagous to rate of transfer of energy, it is the total visible 
source per unit time. 


energy emitted by a 


mean - one common measure 

y* 

_ _ VV 

M « — — — 
h 


central tendency. 
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where: X -a mutt ef £ set c4 numerical values 
X VbXRriacal Value ta set 
N « number of numerical values in set 

medi an • the middlemost of a set of valuer, the value above which and below which 50% of the values 
fait 

meniscus - a less, one cf whose retracing surfaces is convex and the otter concave. 

method of average error - the psychophysical method in which the subject manipulates the variable 
stimulus until be judges it to match the standard. The error is then measured. 

method at. coos tMtt Stimuli - psychophysical method In which the frequency with which a sensation 
occurs is measured as a function of the variation in magnitude of the stimulus. A few discrete 
stimuli are used and each Is presented many times. 

method of limits - method of investigation which proceeds by gradually decreasing the value of a 

giycs stimulus {or the difference between two stimuli) until it in no longer noticeable; and also by 
laersasfag fl* stiaiulus value {or the difference b e tw e en two stimuli) from a definitely imper- 
ceptible value antfl tt b ecomes just noticeable. 

method of paired comparison - method in which each member of a series is compared with every 
other member with respect to a given characteristic. 

minimum distinguishable acuity - least change in form that can be identified visually, i.e., the least 
lateral displacement in the ends of two lines that will result in the experience of discontinuity. 

& is ttteaawsd in terms of the angle subtended by the object, measured at the eye. 

minimum perceptible acuity - smallest object that is visible. ft is measured in terms of the angle 
stfcteaded hjy the object, measured at the eye. 

minimum separable acuity - smallest space between two lines that can be discriminated as a gap. 
ft is measured in terms of the angle subtended by the gap, measured at the eye. 

minimum visible acuity - least area cf a uniform brightness that can activate the eye. ft is measured 
in terms of the arsrie subtended by the area, measured at the eye. 

mode - a measure of central tendency, ft is the score occurring in the largest number of cases. 

monocular field - field of vision with one eye alone. 

motion parallax - the apparent difference in rate of movement of two objects actually moving at the 
same velocity but at different distances from the observer. 

SCn - ’’moving target indicator." 

myopia - refractive defect at certain eyes so that, with the lens relaxed, parallel rays of light are 
brought to a focus oeiore they reach the retina . 

nomograph - a chart consisting of three (or more) i calcs, which represent values of related variables; 
given the values of two of there variables, one can determine the value of the third, related vari- 
able from the chart. 

omnfboaring - a. bearing toward an omnidirectional radio-range station, as given to vn aircraft by th e 
omnidirectional radio range. 


GLOSSARY (Cont) 


omnirange - short for ' ‘omnkllrc ctl oaal radio range. " 

OMR - * tJOlc* of Naval Research." 

qptic disc - a small, low eminence on the inner surface of the retina, within tie eyeball, formed by 
the nerve -fibers of the retina, as they collect Just before emerging from the eyeball to form the 
optic nerve. 

optic nerve - the second cranial nerve, , which connects the retina A the eye with the visual centers. 

orthophoria - condition In which an eye may continue to look towa d an object even if the object is 
hidden. 

oriharaier - commercial apparatus for determining visual acuity at both near and far accommodations, 
but with distance factor induced by a system of lentfeULer prism*. 

parallactic angle - the angle between the two lines drawn from a single point on an object to the two 
eyes. 

parameter - 1. a constant having a series of particular and arbitrary values, each value characteriz- 
ing a member in a system or family of e x p r e ss ions, curves, surfaces, functions, or the use. 

2. in psychological use, a criterion that has shifting values. 

perception - the awareness of external objects, qualities, or relations, which ensues directly upon 
sensory processes. 

perimeter - an instrument for determining the discriminative powers of different parts of the retina. 

phosphor - a substance applied to the inner f*-~ i <Qf a cathode-ray tube which fluoresces during bom- 
bardment by electrons, and phosphoresces after bombardment. 

photometer - an optical device that utilises equations of brilliance to permit the measurement of a 
photometric quantity, such as candle power, illumination, or brightness. 

photometry - the measurement of visible radiation on the basis of Its effect upon the eye under stan- 
dard conditions, and usually UnmSvw ss e**vsimsnt c* two contiguous parts of the visual field, 
either to Identify or to determine » minimal difference. 

ijru 

pbctopic - virion under illumination sufficient to permit the discrimination of colors. Sometimes 
called daylight vision. 

pip - 1. a blip. 2. an artificial signal on a radars cope, similar to a blip, used for reference. 3. in 
gunnery, a pipper. 

pipper - a small hole in the reticle of an optical sight or computing sight; a pipper imago. 

PPI - "plan-position indicator." Also sttrfbutively, as in PPI operator, PPI photo, PPI scan, PPI 
scope, etc. 

presbyopia - a condition cf the eye character by ability to see distant objects clearly and inability 
to obtain a Clear picture of nearby chests, dbe to iisesasKicity of iho lens, with consequent re- 
duction af aegem m eg sti sn, which isotope with advancing age. 

preamble error - Kiags of scores obtained by fcj mb2sKs cd a group. (PS « G.S?458B) 
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p wa d o -UoctooiBttlc test - color -blindness test In which the plats* contain two colors which can be 
rttstinfulshed by tbs normal eye, bat sot by the color-blind. 

psychophysical a mt h od a - ftxadxrlMd procedures for presenting stimulus material to subject lor 
judging aad fnr recordlsg fala results. Originally developed for determining functional relations 
between physical stimuli and correlated sensory responses, but now used more widely. 

pupil - the circular op enin g la the iris, which forms the diaphragm of the optical system of the eye, 
regulating tbs am o unt of light admitted to the eye by contracting as the light increases, or the 
reve rs e. 

radarscope - the c a th ode-ray oscilloscope or screen in a radar set. 

radarscape display - the visual presentation or picture displayed on a radar screen. 

radar screen - 1. a radar net. 2. a c at hode-ray screen in a radar set. See cathode-ray screen. 

RCM - 1. ’’radar countermeasures. " 2. "radio countermeasure." 

reduced eye - a staple, s chemati c system designed to have the same optical properties as tha average 
unaccommodated hunap eye. 

reflectance - ratio of luminous flu* reflected from a surface to luminous flux it. 

refraction - a change in the angle of propagation of a wave in passing from one medium to another o f 
different density or elasticity. 

refractive index - a numerical expression Indicating tbs dagree to which the path of light or radiant 
energy is fatal in padding from one transparent medium into another. 

reBp °^“ ' “w»culax jMstracticn, glandular accretion, or any other activity of an organism which 

resona tram soomutrao. 

retiJ 5L“ ****£*’ the image formed by refraction of light rays at 

”• cora * a and lens, it is made 19 of rods and cooes, the receptor cells for vision. 

retinal disparity - the difference wbich exists between the images formed in the right and left eyes 

wtbctu a Bvtm wjvu ixi ritwcu 

rh0d ^£ J l L t ^L r ° d L^ tbe ^-adapted eye, which bleaches rapidly on exposure 

to light, and is b.iteved to be the substance underlying scotcoic or twiliirht viaior 


RMI - "radio magnetic indteator." 


r0dS ^^iT^f 8 ** 01 Ul ® 878 Wh ' ch constltutc ^»cific receptors for vision at low 

levels o! illusatnation. They do not produce sensations of color. 

saccadic movements - sudden movement of the eyes irem one fixation point to another. 

saturation - extent to which a chromatic color differs from a gra* of tho same briefness ^^ured 
cn an arbitrary scale from 0% to (where G% is gray). * ’ Mured 

rclera - the white outer fibrous coat «f the eyeball, pels -rily a supporting or skeletal structure, 
wt'ornr - a blind or partially h'irsd are'' ir- the visual Jie’t?. 


GLOSSARY (Cbot) 


•cotopic vision - vistiu which occurs Is faint ligia., or after dark adaptation. Sometimes called tw • - 
light or night vision. Boos had saturations cannot he distinguished. 

sensation - subjective response or any experience aroused b y stimulation cl a sense organ. 

servo system - control system with Intact The behavior ol a servo Is governed, not by the input 
signal alone. muwrrnce hsiw neii the lntwt mu*! eo*r* function c S the output. 

simulator - any «»«<*«»■ or apparatus that simulates a desired condition or set of conditions, such as 
a flight simulator. f 

specular surface - one that scatters little of the fis striking it. 

standard deviation - statistical term used to indicate the variability of scores or measurements. 

*= \ j ^ (Irvi^tion from mean) 2 
I number of trials 

^fiyii^aiiy aigafficant difference - a difference 'a the results obtained under two experimental con- 
ditions which can legitimately be eottcfolsd act to be dae to chance; usually signifies it differences 
axe arbitrarily r.»; to uc fijSsTSS'’ ss r t«ai would oe expe cted to occur by chs ice no more 

than 1% (or 5%) of the time. 

stimulus - energy, external or internal, wk cfc excite s a receptor. 

subtractive color mixture - method of catttr mixture to which a beam of light is rvased 1 hx ugu two 
or more transparent colored filters In so tesssten. Only those wavelengths v fleh a :e common 
to both or all will be transmitted. By thi method, white light passing through bro xl band yellow 
ssd bine filters glees gross. 


TacAN - "tactical air navigation." 

* 

threshold - a just barely asuiiiagte environmental energy level (absolute threshold) or energy change 
(differential threshold). 

traffic pattern = a patters in the si; sSxfa sr sZ*sat a, alid^woe.wuiub is noremuy fouowea under 
visual condition n either by air irsfi p rxw to touchdown or by aircraft after takeoff. 

translUumlnatkm - the passing of light Uuough media or material for purposes of increasing its 
"readability," an organ of the body for medical examination. 

tratssrsittsace - ratio of transmitted to Incident luminous flux (expressed as percent). 

troland - unit of retinal Illuminance »qual to that produced by viewing a surface whose lumirnnee is 
1 candle per square meter through an artificial pupil whose area is 1 square millimeter centered 
on the natural pupil. 

value - synonym for brightness. 

vertigo - diezteess or giddiness, especially as brought on by airsickness. 


VFP. - "visual flight rules. " Also attributlvely, as in VFR conditions, VFR flight, VFR traffic. Used 
adverbially, as in ’Vc will fly VFR." 


GLOSSARY (Cent) 


visual angle - the angle su bt en ded by an object at vision at the nodal point of the eye. The magnitude 
of this angle determines the size of the corresponding retinal image, irrespective of the size or 

distance of the obfeeL 

visual field - tint port of 'space that can be seen when head and eyes are motlonleBs, (or) the iota. tty 
of visual stimuli which act upon the unmoving eye at a given moment. 

vitreous humor - the transparent, jelly-like mass which fills the eyeball from the concave surface of 
the retina as far forward as the lens. 

VCR - "VHP omnidirectional range." 

wavelength the distance in meters traveled by aa electromagnetic wave during the interval covered 

by a cfcle. 

wMteout - at skmoepbnric mid surface condition in the arctic in which no object easts a .shadow, the 
horizon being taOaoersible, and only very dark objects being seen. Also called "mill^y weather. " 
(TMa conittttan iabfoqght on when now cover is complete and the clouds so thick and uniform 

the scow Is of about the same intensity as the light of the cun after passing 

w inds creen - [British] a windshield. 

w in ds h ield - anything that serves to shield against, wind) on an airplane, a pane or surface area of 
glass or other transparent material ahead of the cockpit or in front of the pilot’® cabin affording 
protection from the wind and allowing forward vision. 

World Aeronautical Chart (WA0 - one cf a series of aeronautical, charts covering the entire world. 
dasSgr-i for use In land-mark navigation, radio navigation, dead reckoning, and celestial navt- 
pKis. 

Zero Ree de r- [Trade sane] a gyroscopic instrument that combtes- the functions of gyro horizon, 
directional gyro, magnetic compass, sens&TS altimeter, aad crn**5 -pointer indicator. 

zonule fibers - the set of bands which extend from the ciliary body to the eauator of tbs Isnc of tfe 
eye, constituting its suspensory 
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